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Foreword 
This deliverable differs somewhat from the scope as initially outlined in the Project Plan 
(refer to “Deliverable #1: Project Plan”). While the intended project was achieved in the 
form of a completed report detailing the entire study, entitled “Embedded Generation 
Value Proposition”, the extent of this study far exceeded the requirements for this present 
deliverable. Thus, this report is an extract from that which was initially intended. There is a 
considerable qualitative aspect to the final report which is excluded here, along with some 
of the more high level technical aspects. The revised scope follows. 
From June 14
th to November 7
th 2008 I personally led the project for Econnect Australia 
which had significant financial and value while being the only recognised project of such 
scale and detail in its area. This contribution to Econnect gives the company strength in its 
specialist niche as a provider of electrical services to the renewable energy industry 
through recognition from Australia’s leading research body. Contributions from others at 
Econnect where present under my direction in the completed project, however they where 
not present in any of the material delivered within this report. 
As of November the 7
th 2008 the final draft of the Embedded Generation Value 
Proposition was delivered to the CSIRO. This document contains the full complements of 
the initial scope and is currently under review by industry participants who desire to 
remain anonymous as intellectual property has been released to Econnect for the 
completion of this project. 
It is the intention of the CSIRO to promote the findings and recommendations of the 
Embedded Generation Value Proposition both publicly and in the Electrical Distribution 
industry in the early stages of next year. 
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4 Executive  Summary 
In June 2008 the Australian Federal Government’s Green Paper stated its goal as a 
contributory to the Kyoto agreement of an overall reduction in carbon equivalent 
emissions of 60% of the year 2000 emissions by 2050. The impact of meeting this 
challenge will be felt across all sectors of the Australian economy. It is widely reported 
that the Australian stationary energy sector is currently responsible for 50% of the 
country’s total carbon dioxide equivalent emissions. Clearly, the impacts of these future 
changes will be felt in the electricity generation, transmission and distribution sectors 
more that any other. 
In light of these changes the impacts of Embedded Generation (EG) are considered to be 
significant to the design and operation of existing and new distribution networks and their 
interaction with the wider electrical system. To date, few investigations into the impacts of 
EG have studied and modelled in detail the interaction between large numbers of 
individual small generators, the distribution system, and the wider grid. Hence, the 
concerns of Distribution Network Service Providers (DNSPs) have, to date, not been 
assessed under projected high EG penetration scenarios. 
The issues of concern for DNSPs under high EG penetration scenarios vary broadly and 
are expected to compound as penetration levels increase into the future. They range from 
the topics of design in network planning and reliability to technical aspects such as the 
impacts on conductor thermal ratings, losses and power quality issues. The Distribution 
Network Impact Study (DNIS) applied power system modelling techniques to real-world 
distribution feeder models under a variety of scenarios selected in order to quantify some 
of the potential issues arising from high EG penetrations in such networks. 
The key conclusions of the study include the finding that embedded generation can 
markedly improve losses and voltage profiles and may even offer some benefit in 
postponing network upgrades. Furthermore, it is shown that there is unlikely to be any 
negative impact on existing protection equipment or fault currents around the network. 
While some power quality issues are expected it is unlikely that the inclusion of realistic 
numbers of generators will create problems under consideration of statutory limitations. 
Under projected high photovoltaic penetrations some impact is expected on active voltage 
regulating equipment such as OLTC transformers. While it is expected that these devices 
will not be expected to operate outside of their capacities they may be required to operate 
more frequently resulting in more rigorous maintenance requirements. 
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5 Introduction 
As a part of the Federal Government’s investment into a cleaner energy future there are a 
number of research themes being pursued by the CSIRO under the banner of the Energy 
Transformed Flagship. The ultimate goal of this Flagship is to develop clean, affordable 
energy and transport technologies for a sustainable future through accelerating the 
development and uptake of distributed energy systems and their assisting technologies. 
Econnect Australia has accordingly been appointed to conduct independent research 
studies under the Low-Emission Distributed Energy theme of the Energy Transformed 
Flagship. The work intends to develop an Embedded Generation Value Proposition 
(EGVP) which is aimed at the interests of DNSPs under high EG penetration scenarios 
projected for distribution networks in the future. In alliance with these EG scenarios the 
study seeks to identify drivers for the increased penetration of embedded generation in 
the National Electricity Market (NEM). In particular, the focus of the EGVP will be on 
small-scale renewable generation sources such as photovoltaic and micro-wind systems 
and other generation technologies which promote increased energy efficiency such as 
combined heat and power generators which typically have larger capacities. 
The objective of the proposed work is to provide added value to the theme through 
identifying technical advantages and issues for EG in distribution networks. An important 
aspect of the study is to identify technical benefits, opportunities and issues for DNSPs 
arising from the increased penetration of EG on distribution feeders. Accordingly, CSIRO 
seeks to have study work conducted to quantify the issues and identify opportunities for 
DNSPs to add value to their networks through the connection of new EG. 
Throughout Australian distribution networks medium voltage feeders are widely utilised 
and a particular focus of the study is the effects of small generators on real-world models 
of these feeders and their low voltage subsidiaries. The Distribution Network Impact Study 
intends to incorporate the dynamic nature of both load and generation growth from the 
present to the year 2050 with the incorporation of projected installation growth rates of 
small generators as provided by CSIRO. By studying the effects of embedded generation 
in realistic distribution feeder scenarios, the aim is to uncover underappreciated direct 
benefits as well as innovative responses to the technical challenges posed by these 
newer technologies.  
5.1 Scope 
The scope will incorporate four medium voltage (22kV) distribution feeder case studies 
and these case studies will be made subject to the specified combination of embedded 
generation and load scenarios as below. The main channel for studies to be conducted 
will be through the application of DIgSILENT PowerFactory
TM power system modelling 
software which utilises a Newton Raphson based iterative approximation technique. The 
overall DNIS will include modelling of both MV and LV distribution network along with 
some consideration for single wire earth return (SWER) network – model data has been 
provided by a contributory DNSP (the DNSP). These case studies are then assumed to 
be typical of the class they represent as below and any modelling of LV distribution 
network shall be conducted under assumed conditions. Accordingly, where information is 
not provided reasonable engineering assumptions have been made in developing 
conceptual models (Appendix A details the initial 2008 models as provided by the DNSP). 
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Distribution feeder case studies 
Feeder 1:  Urban established commercial feeder, supplying predominantly commercial 
zones in an established urban area. 
Feeder 2:  Urban established residential feeder, supplying predominantly residential 
load in a long-established urban area (to account for incremental network augmentation in 
response to evolving electrical applications over a period of decades). 
Feeder 3:  Urban ‘greenfield’ residential feeder, supplying predominantly new 
residential subdivisions. This feeder will contain some rural and semi-rural load including 
some SWER circuitry but be evolving toward predominantly urban use. 
Feeder 4:  Rural feeder, containing a combination of three-phase and SWER circuits. 
Embedded generation scenarios 
The studies will consider possible future embedded generation and customer load 
scenarios and compare network outcomes with a ‘base-case’ formulated from the 
present-day data and policies. Scenarios will then be developed and compared for the 
years 2010, 2015, 2020, 2030, 2040 and 2050. 
EG technologies considered are on a ‘small but broad scale’ such as may be installed by 
electricity customers in distribution networks and typically fall into the individual size 
ranges of 1kW to 1MW. A limited number of industrial gas and diesel engines are also 
considered ranging in size from 1MW to 30MW, in the context of industrial sites having a 
similar level of load demand.  
The basis for each scenario will be the forecasts of penetration by various embedded 
generation technologies, provided by CSIRO under both “business as usual” and 
“emissions reduction” scenarios and of customer load growth as extracted from published 
information. 
In respect to generation these forecasts are provided in figures for installed MW and 
number of units of each technology considered. Generation technologies considered are 
natural gas CHP (combined cycle and micro turbine), biomass CHP, biogas engines, 
photovoltaic (PV) systems, micro-wind turbines, and diesel engines. All figures are 
provided in five-year intervals from 2010 to 2050 and broken down according to the type 
of customer (residential, commercial and services, industrial or rural). Figures are 
compounding and inclusive of attrition as devices age and are taken out of service or 
replaced. 
On the demand side, the forecasts shall provide figures for total load MW along with an 
assumed lagging power factor of 0.9. 
Network outcomes considered in the scope of work 
For each feeder case study the following network outcomes will be considered either 
through direct investigation or more general considerations where outcomes are not 
feeder specific. 
(a)  Thermal loadings and feeder augmentation. 
(b) Distribution  network  losses. 
(c)  Steady state voltage profiles (taking account of generator control capabilities). 
(d)  Network fault levels (prospective symmetrical RMS breaking currents). 
(e)  Harmonic distortion against limits in Electrical Distribution Code (EDC) [3]. 
(f)  Rapid voltage changes in feeders due to generation swings. 
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6 Study  Characteristics 
In an assessment of the impacts of high EG penetrations on distribution network 
components an outline must firstly be built of the components and their characteristics in 
regard to high EG penetration scenarios. This section of the report intends to provide an 
insight into the physical characteristics of typical medium and low distribution feeders 
which are considered in the DNIS. 
6.1 Distribution  network  characteristics 
In the transmission of electrical energy the role of the distribution network is to deliver 
electrical energy from a bulk supply point, or zone substation, directly to the end user. 
Distribution ‘feeders’ operate with medium and low voltages (MV and LV)*, as is 
demonstrated here with 22kV and 415V case study models.  
There are thousands of kilometres of MV distribution network in Australia and the use of 
medium voltages optimises cost and maintains acceptable efficiencies. A large majority of 
distribution feeders consist of overhead lines (OHL), however, the use of underground 
cabling is becoming increasingly prominent and is often the preferred option for new 
installations or where OHL may be susceptible to faults. There are also a variety of other 
components that play fundamental roles. This section intends to introduce these 
components and assess their status in regard to increased EG penetration.  
6.1.1 Load assessment, distribution and modelling 
Whilst electricity consumption is constantly increasing the demand for electronic devices 
is changing the nature of electrical loads. In most new appliances linear iron core 
transformers and motors have been replaced by non-linear switch-mode converters either 
in the conversion process or in the form of control mechanisms such as variable speed 
drives.  
Typical residential loads can be categorised in to three classes: switch-mode converter 
(SMC) loads, resistive loads and inductive loads. Where resistive and inductive loads 
appear as linear loads to the network and SMC devices are non-linear.  
The ability of the SMC to promote energy efficiency, combined with size advantages 
means that investment in power electronics is rapidly advancing technologies behind 
SMCs and the traditional conversion process is gradually being replaced. Figure 1 
illustrates the current and projected trends in residential electrical loads as reported by the 
Department of the Environment, Water, Heritage and the Arts in 2008 [4]. The changing 
nature of loads is clear and this evolution is expected to bring new challenges. 
SMCs draw non-sinusoidal currents which naturally induce frequencies other than the 
fundamental. The result is the introduction of harmonic components which have 
frequencies with integer multiples of the fundamental and high total harmonic distortions 
in LV networks can result. For the most part this falls outside of this study, however, the 
addition of grid-connected inverters for EG devices is known to be associated with power 
quality issues in the form of harmonic currents. Moreover, the collective impact of large 
numbers of inverters is of serious concern. 
 
                                      
* While the term ‘MV’ is technically inapplicable in accordance with the Australian Standards it is 
used here in order to maintain exclusion of the high voltage transmission and sub-transmission 
levels of the network from the networks included in the EGVP study. 
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Figure 1: Comparison of the mixture of current and projected domestic loads by type [4]. 
 
Harmonic currents from inverters are limited by the requirements of the AS4777.2 
Australian Standard. The impact of harmonics can include increased harmonic line losses 
from non-sinusoidal currents; motor inefficiencies due to induced non-sinusoidal voltages; 
high zero sequence currents in neutral conductors; poor performance of electronic 
equipment and noise in audio and telecommunications equipment. Concerns lie in the 
contribution from inverters where high harmonic currents already exist from non-linear 
loads [5]. 
It is not typical for DNSPs to provide for metering equipment at each MV/LV distribution 
transformer in their network. For load flow modelling purposes the following applies. 
•  Load information provided is based on the average metered energy (kWh) supplied by 
the LV side of each distribution transformer which is converted to kW to which a power 
factor of 0.9 (lagging) is assumed. Loads are modelled as simple P-Q loads with fixed 
power factors. 
•  Peak day load profiles permit the derivation of load scaling factors in order to model 
the feeder correctly. Here, peak loads are typically considered unless otherwise stated. 
6.1.2 Overhead line thermal limits 
OHL conductors are given thermal ratings in amperes or apparent power which depend 
on the manufacturer’s specifications and specific installation characteristics such as 
height and span between supports. Conductor manufacturers denote thermal capacities 
at an operating temperature of 40°C above ambient [6] and installation characteristics 
permit the derivation of independent thermal limits and temporary overload periods are 
also permitted during peak load times. 
As OHL is exposed to the elements a further consideration must be made for differences 
in ambient air temperature. In order to reflect temperature extremes two ambient air 
temperatures are assumed: summer noon, 35°C, and winter night, 10°C. These operating 
conditions then derive maximum and minimum thermal capabilities for overhead lines at 
winter night and summer day ambient temperatures respectively. 
In order to model conductors accordingly thermal limits are assumed to be derived from 
an operating temperature of 65°C while a summer noon ambient temperature is assumed 
which corresponds to peak load times. 
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6.1.3 Single wire earth-return 
The incentive behind using SWER in distribution networks is an optimisation of the cost of 
installation of a three phase supply over the requirement for it when the load is light on 
that particular section of the feeder. SWER systems operate on the principal of using the 
earth as a return path for the current drawn by loads. 
While not considered further here, the impact of SWER is a pronounced phase unbalance 
which results in an emphasised voltage unbalance as can be seen in Figure 47. 
6.1.4 Voltage regulation 
It is typical for rural MV distribution networks to incorporate on-load tap changing (OLTC) 
voltage regulating transformers when they extend over large distances. Here, Feeder 4 
incorporates three OLTC transformers along its length and the impact on voltages is 
evident in Figure 50. Each OLTC transformer is capable of ±15% voltage regulation on 
their secondary winding. SWER transformers are also usually off-load tap adjustable as it 
is their nature to be installed in scenarios where this is beneficial. 
HV/LV zone substation supply transformers (typically 66kV/22kV) are also fitted with 
voltage regulation capabilities. In the case of the DNIS these are off-load tap changing in 
order to maintain operating voltage bands along feeders to within nominal ranges.  
Here, Feeders 1-3 are supplied by voltages of 102% (22.4kV) and Feeder 4 is supplied by 
104% (22.9kW). Nominal voltages and tolerances are 400V +10%/-6% for LV and 22kV 
±6% (±10% for rural areas) for MV [7, 3]. 
6.1.5 Service provider responsibilities 
In regard to reliability of supply the accountability of DNSPs is measured by a number of 
indices. In Victoria these indices are outlined by [3] and, amongst others, they include 
‘SAIDI’ (the average minutes off supply per customer due to planned and unplanned 
outages) and ‘SAIFI’ (the average number of unplanned interruptions per customer, 
excluding momentary interruptions). As an illustration of this system, in 2006 a total of 
$4.04 million was paid to customers in guaranteed service level charges from Victoria’s 
five operating DNSPs [8]. 
Traditionally, distribution network reliability has been maintained through the 
sectionalisation and interconnection techniques as described above. The introduction of 
high EG penetrations, however, brings opportunities to implement more adaptive design 
techniques such as islanding to further improve the reliability performance of distribution 
networks. 
6.1.6 EG and scheduled operation 
Control of EG is typically left to the discretion of private operators. With high EG 
penetrations significant opportunity arises for DNSPs to schedule the operation of EG to 
actively participate in network operation. The type of control desired by a DNSP is also 
dependant on several factors [9]. Some important considerations are 
Deferred augmentation and reinforcement through EG meeting peak loads and 
participating in a network reliability function (this often occurs to a limited extent without 
the knowledge of service providers).  
Emergency supply where generators are fitted with automatic starting facilities and are 
capable of operation in a voltage control mode in an island. 
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Active voltage support where voltage drops may be significant and alternative voltage 
control mechanisms are not in place. 
Reactive power can be supplied or absorbed by synchronous generators in order to 
support the network. 
Although the capacity for scheduled operation of generators is usually considered to be 
limited to the capability of traditional generation plant some ‘scheduled’ capabilities are 
offered by PV generators. Although generation is limited by the availability of the solar 
resource, adjustments can be made in generation profiles by shifting the optimum plane-
of-array position of PV modules in order to shift the generation peak. Under high PV 
penetrations this method could be incorporated to provide a better match of generation to 
peak loads. 
6.1.7 EG and protection 
The introduction of EG into distribution networks equates to the introduction of additional 
sources of fault current and the potential for bi-directional fault current paths in the 
network. 
The protection equipment incorporated in MV distribution is passive in design where 
settings are based on minimum fault current and sensitivities depend on maximum 
prospective fault currents. Typical LV protection equipment is designed with fixed breaker 
ratings and maximum breaking capacities which are ≥6kA. Should they be exceeded the 
circuit breaker may not operate correctly or at all. 
Some of the potential impacts on existing MV protection equipment include new network 
voltages offsetting impedance relay settings, automatic recloser action of asynchronous 
networks and power flow reversal through directional relays. 
In this study embedded generators with capacities of 500kW and above are assumed to 
be connected to the MV network via unit transformers (the financial viability of such a 
connection is not scrutinised here). These connections are made under negotiated 
arrangements with DNSPs and with scrutiny of the network conditions – particularly in 
regard to protection. Whilst these arrangements are in place it is expected that the 
network will continue to operate correctly and safely post connection and the impacts of 
high EG penetration on protection systems at the MV level should remain manageable. 
While there are many issues regarding fault conditions and protection under high EG 
penetrations, this assessment will focus on the impact of EG on maximum prospective 
fault currents and the behaviour of supply point fault currents. 
6.2  Generator technology mix 
The DNIS incorporates projected quantities of installed embedded generators of various 
technologies and sizes Australia wide. Generators considered are all within the small to 
micro capacity ranges and are currently available to be operated in parallel with the grid. 
Primary energy sources are either fossil fuel based or renewable. 
Currently there is a level of uncertainty as to the position of the Australian Government on 
the future of energy and channels for the reduction of emissions from the electrical sector. 
As the DNIS is projecting generator installations over considerable time scales two 
scenarios are considered:  
The ‘Business as Usual’ (BAU) scenario considers the fact that rising energy costs along 
with the probability of individual investments regardless of government incentives will see 
an increased uptake of EG over the study period. 
 
 
                  ENG450 Internship Project, Final Draft: Distribution Network Impact Studies – Butler, T.                                                      Page 17 of 106  
 
 
The ‘Emissions Mitigation’ (EM) scenario models the full impact of incentives for 
investment into EG under economic schemes such as carbon trading and stringent 
emissions offset targets. 
The two schemes are compared in Figure 2 and EG growth data provided by the CSIRO 
model is tabulated in Appendix B. 
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Figure 2: Comparison of installed GW of EG under the BAU and EM scenarios Australia 
wide. 
 
It is important to note that when quantifying the impacts on the wider electrical network 
there are only two classes of generators considered in the DNIS: synchronous machine 
and inverter-connected generators. Figure 3 shows the installed penetration
* for each 
scenario and class as calculated over the study period for an installed generation capacity 
(Australia wide, 2008) of 47GW and a 1.9% p.a. growth rate as derived by [10]. 
Note that, given the CSIRO technology mix, grid interface techniques also relate very 
closely to the division between primary energy sources such that the penetrations shown 
in  Figure 3 also give a good understanding of the characteristics of the two DNIS 
scenarios. Hence, in 2050 the BAU projections for renewable EG are only 41% of the total 
while the EM projections indicate a 97% renewable contribution to the projected capacity. 
Correspondingly, the EM scenario focuses on PV and micro wind generation which is 
characterised by inherent variability, while the BAU scenarios consider a generation mix 
which could potentially include scheduled operation of synchronous plant. 
 
                                      
* Herein, penetration is defined as the EG generated as a percentage of the total demand under 
scrutiny such that losses are included. Unless otherwise stated, penetrations are derived under peak 
generation conditions. 
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Peak EG penetration of peak generation by EGVP generator class under the 'Business as 
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Peak EG penetration of peak generation by EGVP generator class under the 'Emissions 
Mitigation" scenario
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(b) 
Figure 3: Comparison of the installed EG capacity as a percentage of peak demand (GW) 
under the BAU (a) and EM (b) scenarios. 
 
The characteristics of the two classes of generator are described below while a detailed 
technical description is also included in Appendix B. 
6.2.1 Synchronous machine generators (SMGs) 
The fundamental principles of the synchronous machine have dictated the nature of AC 
electrical networks as we know them. There are robust, very reliable and utilise well 
understood technology. Through fuel regulation and voltage control capabilities they can 
be adjusted to operate within the requirements of almost any network which they are 
integrated into with few issues. 
With reference to Table 9 the SMGs considered in the study are all of the CHP plant types 
along with diesel and biogas generators. 
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6.2.2 Inverter-connected generators (ICGs) 
DNIS generators that operate with variable primary energy sources generate DC signals 
that are then interface with the fixed AC grid signal through inverters
*.  
Although it is only PV and wind generators that fall into the ICG category, the impact of 
them is made clear by the EM projections shown in Figure 3. The CSIRO’s EM scenario 
model predicts that, Australia wide, there will be 30GW of installed, grid-connected, micro-
wind and PV systems in 2050. All of which can be expected to be interfaced with the grid 
through inverters. To put this into perspective, the same data set indicates that SMGs will 
only hold a 2GW share of the projected 32GW capacity. 
Voltage source inverters are most commonly grid connected in accordance with the 
behaviour and market penetration of PV systems. They are able to control real power flow 
via adjustments of the angle between the generated and mains voltages by Equation 1 
where the phasor representation of the generated and mains voltages are E δ
D  and  0 V
D  
respectively. Equation 2 shows that  cos( ) EV δ > must be satisfied in order to export 
reactive power which poses conflicting arguments for an optimum value of δ  in the P  
and Q  terms. Further to this  is required to be of a reasonable magnitude to limit the 
sensitivity of P  to 
Filter X
δ  which correspondingly imposes limits on Q  in Equation 2 [11]. 
  sin( )
Filter
EV
P
X
δ
=
   (1)     
  2
cos( )
Filter Filter
EV V
Q
XX
δ =−
    (2) 
It is due to these issues that modern voltage source inverters typically utilise a simpler 
closed loop hysteric, current control algorithm which adjusts current injection relative to 
connection point voltage in order to achieve an appropriate power output at unity power 
factor (Figure 4). Hence, this control strategy results in inverters interacting passively and 
offers no support to the wider network. 
 
 
Figure 4: Hysteretic  current control applied to a voltage source inverter [11]. 
 
Modern inverters have assisted greatly to advancements in power electronics and new 
technologies are constantly aiming to reduce cost and device size and to improve device 
operation. There are currently 34 different grid-connected inverters that are approved by 
                                      
* In recent times some 20kW wind turbines have been constructed with induction generators. Today, 
inverter-connected 20kW wind turbines are readily available. Given trends in the CSIRO’s generator 
technology mix [58] shown in Appendix B and, trends in inverter technology, it is assumed that 
future wind turbines of this size will include inverters. Thus, induction generators are not considered. 
 
 
                  ENG450 Internship Project, Final Draft: Distribution Network Impact Studies – Butler, T.                                                      Page 20 of 106  
 
 
the requirements of the Australian standard AS4777 [12] for the Australian market. State 
of the art inverter technologies are discussed in Section 6.2.4 and the following is a 
summary of some of the potential issues. 
Grid interface safety devices 
Through the requirements of AS4777 islanding protection schemes for grid-connected 
inverters must include both passive and active protection schemes. Passive protection 
schemes disconnect when the grid supply is disrupted or falls outside set voltage or 
frequency boundaries while active islanding protection mechanisms avoid the rare case of 
multiple sources achieving a balanced operating point within an island [13]. 
Active protection mechanisms have been known to introduce disturbances into the grid 
that degrade power quality and there is a concern that they may interfere with the 
protection devices of other inverters connected in close proximity [14]. While not 
examined here it is widely understood that these issues can be overcome through the use 
of stringent tolerances in the type tests applied in the inverter certification processes as 
defined by AS4777.3. 
Current harmonics 
Harmonic currents from inverters must be limited in order to maintain the prescribed limits 
on individual voltage harmonics and THD as outlined in Table 1 under the correct type 
testing schemes [13]. 
 
Odd harmonic order number Limit (based on percentage of fundamental)
3, 5, 7 and 9 4%
11, 13 and 15 2%
17, 19 and 21 1.5%
23, 25, 27, 29, 31 and 33 0.6%
Even harmonic order number Limit (based on percentage of fundamental)
2 - 8 1%
10 - 32 0.5%
Even Harmonic Current Limits
Current THD max: 5% to the 50th harmonic order
Current Harmonic Limits for Grid-connected Inverters (AS4777.2)
Odd Harmonic Current Limits
 
Table 1: AS4777.2 Current harmonic limits for grid connected inverters [13]. 
 
The impact of harmonic currents from high concentrations of inverters has been a well 
researched area. Generally, results indicate that impacts are relative to the number of 
inverters and the existing THD in the network and that the introduced harmonic 
interference is less than that which already exists on the network [14, 15]. It must be 
remembered that much of the readily available information on this matter results from 
European studies. Thus, it may not be representative of the high impedance distribution 
networks typically found in Australia. 
PWM inverters and DC injection 
“PWM” inverters are pure power converter devices that incorporate full-bridge inverters 
and may not include an isolating transformer. In the Australian market there are currently 
(2008) only two certified grid-connected PWM inverters, however, their economic and size 
advantages has seen them take an approximate 75% market share in Europe [16].  
Single phase PWM inverters in the <10kW capacity range have been known to inject a 
DC current into the network. The potential impacts of which are the saturation of 
distribution transformers, increased tripping current for residual current protection devices 
and the distortion of current transformer and mechanical energy meter readings. [17] 
shows that DC currents are related to the modulation frequency of the inverter and that it 
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can principally be eliminated and that state of the art inverters do not introduce a 
significant DC component. 
Work is currently being conducted at the Research Institute for Sustainable Energy in 
Western Australia into the potential impacts of PWM inverters on typical Australian 
distribution network components [16]. 
Summary 
Despite the concerns of high inverter penetrations, an advantage can be seen in 
experience gained from rapid uptake of small scale EG evident in other countries. Good 
examples are the German and Japanese markets where the installed PV capacity in 2006 
was 2.5GW and 1.7GW respectively [18]. 
6.2.3 Renewable EG 
As is the nature of the primary energy source, a significant amount of variability can be 
seen in the power produced by renewable generators. In high renewable penetration 
scenarios this variability is known to be correlated to some extent. In the case of clustered 
PV installations, however, it has been shown that the correlating effect is similarly 
impacted upon by a smoothing effect of irradiance across the cluster’s geographical area 
and that the resulting variation in aggregate power generation is not remarkable [19]. 
Figure 5 shows the predicted duration curve for medium wind power penetrations in South 
Australia. This characteristic is relative to the number of turbines connected to the network 
and the geographical area covered by the sample. It is assumed that the localised nature 
of wind patterns gives more relevance to the former in the case of micro-wind connected 
to distribution networks. 
 
 
Figure 5: Predicted duration curve for medium wind penetration in South Australia [20]. 
 
Typical capacity factors for wind farms range between 20-40% while for PV they are often 
in the 10-15% range when exposed to good resources. Traditional thermal generators 
have capacity factors in the range of 70-90%. 
In the DNIS modelling process it is assumed that all generators are operating at maximum 
generation in the first instance as this is expected to represent the extremities of 
operation. In order to accommodate for the variability in renewable resources a simple 
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availability factor is applied where studies include generation set-points of 25% and 75% 
of installed capacities (modelling strategies are outlined in Section B.4). 
6.2.4 EG and state of the art technologies 
In the current climate, new technologies that offer support to existing EG devices are 
subject to intensive research and investment. Hence, in recent times much progress has 
been made with technologies that assist in generator, grid and demand side control and 
management along with significant progress in the area of power quality. The following 
outlines some of these technologies. 
Frequency based control techniques have been incorporated in demand side 
management (DSM) in localised areas or small island networks at the appliance level [21]. 
‘Smart’ metering and its supportive communication infrastructure is also expected to be 
able to assist in both DSM and generator control functions in the future. 
Active network management technologies can interface existing voltage control 
equipment with new EG in order to optimise generation without interfering with the 
operation of existing control strategies [22]. 
State of the art inverters can also offer the following supportive functions [23, 24]. 
•  Active power quality improvement through the elimination of harmonic voltage 
components [25, 26]. 
•  Power factor regulation, reactive power control and voltage control whilst 
incorporating capacitor based energy storage elements, thus allowing the inverter to 
interact more actively with the grid. 
•  Phase symmetry through the generation of asymmetrical phase currents whilst 
incorporating capacitor based energy storage in three phase inverters. 
•  Grid stabilisation and UPS operation with the incorporation of battery energy storage 
elements. 
•  Wind turbine converters for large-scale wind turbines are now capable of harnessing 
the inertia in the rotating masses of the blade to ‘appear’ to hold inertia in the 
converter with respect to the grid [27]. 
The active integration of ICGs coupled with small storage elements, into distribution 
networks provides for the opportunity to allow these devices to provide assistance in 
‘intelligent’ grid forming. 
6.3 Network  characteristics 
6.3.1 MV feeder model development  
The development of the four MV feeder models is initially based on load growth and 
network augmentation beginning from the 2008 base cases (as provided by the DNSP 
and detailed in Appendix A) whilst excluding EG. Thus, base case models are designed 
based on the information below and the EG distribution model then superimposed 
embedded generator numbers onto the base cases once they are developed. The 
methodology is assumed to reflect the potential reality for distribution networks by 
neglecting scheduled EG in feeder development. This matter is considered explicitly. 
Recognition must be given to the classes of feeder outlined in the scope. Difficulties in 
identifying the exact classifications means that most of the feeders are represented by a 
majority of the respective class and actually supply a mixture of loads. 
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Load growth 
In distribution network planning DNSPs assess the capacity of zone substations by 
historic load trends, expected load step changes, planned reactive support mechanisms 
and other imminent upgrades. Data extrapolation techniques provide short-term (3-4 year) 
projections of maximum demand on network assets to within a reasonable level of 
accuracy [28]. 
While this method is accurate enough for planning purposes it is not considered to provide 
a sufficient level of accuracy in terms of DNIS time scales. Furthermore, information on 
load growth at a zone substation may not reflect the nature of load growth seen by a 
single MV feeder originating from the zone substation. For development of the MV feeder 
modes from their present day cases an alternative method of long-term load projection 
must be developed. Assumptions have been made of the load characteristics of each 
DNIS MV feeder along with an individual set of assumptions about each load type’s 
growth rate.  
ABARE provides information on the national and state projections of electrical energy 
consumption by sector to 2029-30 [10]. These projections are maintained to 2050 and 
form the basis for the following assumptions. 
•  ABARE growth trends are assumed to continue to the end of the study period. 
•  Weighted averages are applied to the load mix on each feeder and growth rates are 
applied to the maximum load data derived from feeder load profiles (Appendix A). 
•  Load mixtures are assumed to remain constant throughout the DNIS period and are 
derived from the 2008 cases (with the exclusion of Feeder 3). 
•  Greenfield feeders are given ‘S’ shaped electricity demand curves described in [28]. 
All other feeder case studies are assumed to be operating within the saturation period 
of the ‘S’ curve. Thus, they are ‘established’. 
•  Figure 6 shows the annual percentage load growth rates applied to each sector and 
are derived as follows [10] 
o  Established residential area electricity consumption growth is assumed to be close 
to the per-capita growth rate of 0.64% p.a. 
o  Commercial and industrial load electricity consumption growth is derived as 2.5% 
p.a. 
o  Electricity consumption growth in the rural sector to be maintained at 1.1% p.a.  
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Assumed DNIS Peak Electrical Demand Increase by Sector
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Figure 6: Assumed electrical load growth rates by sector used in the DNIS [10] 
 
Network augmentation 
DNSPs base network reinforcements on forecasted load growth, reliability targets, life-
cycle cost and optimisations of the costs and benefits of the works along with an 
assessment of the assumptions that are made in the decision process. 
In construction of the modelling scenarios required for the DNIS two factors are assumed 
to be of the most importance for decision making on network augmentation. 
1.  Cost of energy not supplied: Investment in major network upgrades is based on an 
analysis of the financial risk to the DNSP resulting from an outage. Where applicable 
for major works, it is assumed that works should be undertaken when conductors 
approach 95% of their thermal capacity under peak loads. 
2.  Conductor thermal capacity: In terms of minor works the thermal capacity of each 
feeder will dictate the time that works take place. 
6.3.2 Embedded generation growth scenarios 
The generator technology mix (Table 10 and Table 11) provided by the CSIRO [29] for 
this study models the projected Australia-wide purchase rates of EG by sector in five year 
intervals to 2050. A methodology has been derived which projects reasonably realistic 
generator installation rates onto each PowerFactory
TM distribution feeder model. The 
model is developed from the percentage share of total Australian electricity consumption 
consumed by each sector supplied by each MV feeder as follows. 
•  Sectors considered are residential, commercial and services, industrial and rural 
corresponding to the load distribution on each feeder. 
•  Total annual electrical energy (GWh/year) supplied to each feeder is derived from the 
peak summer load profiles (Appendix A) with an assumed power factor of 0.9 
(lagging). Average daily energy consumption is assumed to be 65% of peak day 
consumption [30]. 
•  Total Australian energy consumption by sector [31] combined with electricity 
consumption growth by sector [10] determines the percentage share of total energy 
consumption of each sector supplied by each feeder for each DNIS year. These 
percentages are applied to the CSIRO generator installation rates by sector to project 
EG installations on each feeder for the required years. 
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•  The following information is applied 
o  Australian electricity generation in 2005-06 is provided by ABARE [10] along with 
electricity generation growth of 1.9% p.a. to 2030 which is maintained to 2050 
here. This data is projected to give a total of 267TWh in 2007-8. 
o  Percentage shares of electricity consumption by sector and state are reported for 
2005-06 in Victoria [31] (residential: 25.4%; commercial and services: 24.4%; 
industrial: 44.8%, and; rural: 5.4%). Unaccounted sectors and parasitic electricity 
consumption (~17% of total) is evenly distributed to the four sectors above. These 
percentages are then applied to all states. 
Appendix C tabulates the EG growth for each feeder for the EM and BAU scenarios as 
calculated from the method above. 
6.3.3 LV feeder models 
As the vast majority of DNIS EG will be connected to the LV distribution network it is 
recognised that there are a number of issues that are more relevant to these networks. In 
making this recognition, and considering the diversity of such feeders, three conceptual 
LV feeder models are developed in PowerFactory
TM based on reasonable engineering 
judgement. 
Each LV feeder is modelled as an unbalanced network supplying single phase loads in 
the range of 2-5kW. As modelled, LV conductor lengths range from 10-100m with the 
longest point in each feeder being less than 500m from the MV/LV supply transformer. 
The models are introduced below. Details and single line diagrams are contained in 
Appendix D. 
LV Feeder 1 supplies 27 single phase loads. It is located 8km from the zone substation 
that supplies it. Its conductors are all OHL and are operating at a medium thermal loading 
under peak load conditions. 
LV Feeder 2 supplies 54 single phase loads requiring a total of 223kVA. It originates from 
a transformer located 2km from the zone substation. LV Feeder 2 is considered to 
represent a realistic, heavily populated, scenario in which the feeder is heavily loaded. 
LV Feeder 3 represents a relatively new urban feeder. It consists of underground cable 
supplying 36 single phase loads totalling 145kVA. 
Investigations focussed on EG impacts at the LV level include fault currents and harmonic 
distortion. 
6.3.4 DNIS feeder model steady state analysis 
There are a number of indices which are investigated in the DNIS. In the first instance the 
impacts of the projected EG penetrations on the four MV feeder models is investigated. 
Here, the steady state characteristics that are included in the DNIS are introduced while 
some of the relevant expectations of them under high EG penetrations are outlined. 
Section 7 then presents the DNIS results in regard to these characteristics. 
Feeder thermal loading 
In distribution networks power transfer is limited by the thermal capacity of conductors. As 
feeders are exposed to continuous demand growth their thermal capacity is often in 
question, particularly in older networks in which there is a variety of conductors of differing 
ages. 
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Embedded generators supply loads in parallel to traditional supply points, thus the 
demand from these supply points is reduced which corresponds to a reduction in thermal 
pressures on conductors. Further, the properties of schedulable SMGs to relieve thermal 
loading on conductors are clear where they can be operated reliably during peak load 
times. 
Without stochastic modelling approaches to PV it is difficult to ascertain the exact impacts 
on the thermal capacities of conductors. As shown in Figure 7 the solar resource has a 
natural tendency to follow peak load times and can heavily supplement energy usage; 
however, its inherent variability may prevent analysis with its full capability
*. 
 
Normalised Recorded Solar Radiation (13 day average) in Sydney in February Compared to a Typical 
Peak Day Load Profile
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Figure 7: Typical peak load profile compared to an example of the solar radiation incident 
on an optimally tilted (latitude angle) fixed plane in Sydney during February (solar time = 
EST - 2hrs). 
 
It is also of much importance to recognise that the impact of EG on thermal loading also 
relies on PCC voltages. Here, generators sized below 500kW are assumed to be installed 
at the LV level with the intention to offset loads. Thus, any thermal loading issues are 
assessed by the proponent rather than a DNSP. Larger generators may need to be 
assessed on a case-by-case basis as thermal loading issues increase with generator 
capacities. 
Corresponding to the peak loading, the average of the losses across the feeder during 
correlated peak load and generation are presented in order to indicate the status of the 
entire feeder throughout the study. 
In the modelling scenarios presented in Section 7 an assessment is made on the potential 
impacts of the installed EG on the deferral of network augmentations under assumed EG 
availability factors. In accordance with the modelling of generators described in Section 
B.4 these calculations are made separately to the PowerFactory
TM model by combining 
the load growth and generator distribution models in spreadsheets. 
                                      
* Note that some modelling approaches take the full capacity of PV into consideration in order to 
present potential extremes of operation. 
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Distribution network losses 
The vast distances covered by Australian transmission and distribution networks 
inherently result in accepted overall
* losses in the order of 11%. The vast majority of real 
power losses are thermal in nature and EG is widely recognised to reduce transmission 
currents and corresponding losses through reducing the load seen by the rest of the 
network. Past studies have indicated that even a modest EG penetration of 10-20% of a 
distribution feeder’s load can result in significant improvements in system losses [32]. 
Voltage profiles 
Feeder voltage profiles are dependant on loading and often use a large portion of 
permissible tolerances. The issue of the interaction of EG and existing voltage support 
equipment is often cited as a hindrance to increased EG penetration.  
With the introduction of EG it is expected that the voltage drop along the feeder should 
improve, however, the nature of the improvement seen is dependant on the EG 
technology used. 
Real power delivered from inverters is expected to improve PCC voltages; however, 
supportive functions are outside the scope of modern grid-connected inverters (as 
discussed in Section 6.2.2) 
The capacity of SMGs to offer voltage support through reactive power control has been 
utilised for many years. Unless otherwise noted the SMGs considered here are installed 
to operate in a power factor mode such that they are not regulating PCC voltages. Again 
the injection of real and reactive power will result in improved PCC voltages. 
Power flow reversal 
Traditionally passive, unidirectional, network designs may need to accommodate 
bidirectional energy flows under high EG penetrations. Thus, the network will need to 
become more ‘active’ in its operation as voltages are determined by both loads and 
generators. Here the issue of protection is of the upmost concern but it is not alone as the 
operation of other active network elements such as OLTC transformers should also be 
assessed. 
 
 
 
 
 
                                      
* Overall losses implies the sum of both technical and commercial losses where technical losses are 
described above and commercial losses are the result of energy unaccounted for such as in 
metering errors. 
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7  Distribution Network Impact Study Results 
Section 7 of the DNIS presents the results as outlined in the scope of works. In the early 
sections the four MV distribution feeders are presented in the development of their base 
case models. Subsequently, the results of the application of the generator distribution 
model are presented and the impact of the BAU and EM scenarios is considered in regard 
to the parameters outlined in Section 6.3.4. 
The remaining components are then assessed in their respective natures depending on 
the relevant impacts. These include fault currents, harmonic distortion and rapid voltage 
changes under projected high EG penetrations. 
7.1  Feeder 1: Established urban industrial/commercial feeder 
7.1.1 Future  scenarios 
Projected load growth and network augmentation to 2050 
The assumed conditions of load growth on Feeder 1 maintain a constant growth rate of 
2% p.a. for the duration of the study period as calculated from a 73% commercial and 
industrial load and 27% residential load mixture as described in Section 6.3.1. The 
resulting network growth and augmentation details are detailed below while load growth 
characteristics are shown in Figure 8. 
Nature and time of 
upgrades: 
o  Thermal limit of 320A is exceeded in 2015 and two 185mm
2 
cables are upgraded to overcome this issue. 
o  Feeder 1 becomes a financial liability post 2021. It is split 
into Feeders 1.1 and 1.2. Feeder 1.1: predominantly 
commercial and industrial loads with 47% of the 2021 load. 
Feeder 1.2: supplies the remaining commercial and 
residential loads. 
Details of major 
upgrade: 
2.3km of new 185mm
2 cables installed from the zone substation to 
supply Feeder 1.2. The existing commercial and industrial feeder 
is maintained from the zone substation and now supplies the 
shopping centre and the council yards only. 
Feeder 1.1:  Growth maintained at 2.5% pa. No further adjustments are required to 
2050. 
Feeder  1.2:  Growth maintained at 1.6% pa due to commercial/residential split 
(49.6%/50.4%). No further upgrades required to 2050. 
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Modelled Peak Summer Load Growth of 22kV Loads Supplied by Feeder 1
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Figure 8: Modelled load growth for Feeders 1, 1.1 and 1.2 excluding generation. 
 
Projected embedded generator growth to 2050 
The EG distribution model makes a significant impact in both the BAU and EM scenarios, 
particularly in respect to commercially installed generators as shown in Figure 9. The EM 
scenario indicates a greater EG capacity than BAU post 2015-20 and by the final study 
year the installed peak EG penetration is 27% and 25% respectively. 
As can be seen in Figure 9, the commercial sector plays a significant role in the Feeder 1 
EG installations. In the BAU scenario this is due to a modest number of CHP generators 
while the EM scenario tends to give preference to higher numbers of lower rated PV. It is 
the residential sector which provides a greater overall installed capacity in the EM 
scenario model beyond 2020. 
Installed EG by Sector Under the BAU Scenario for Feeder 1
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Installed EG by Sector Under the EM Scenario for Feeder 1
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Figure 9: Comparison of the installed kW by sector for Feeder 1 to 2050 under the BAU and 
EM scenarios. 
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7.1.2 Peak loading 
As both scenarios introduce significant EG penetration to Feeder 1 there is no significant 
difference between the scenarios when considering peak loads matched to peak 
generation (i.e., when EG availability is 100%) as in Figure 10. 
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Feeder 1: EG impacts on average peak conductor loading
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Figure 10: BAU and EM scenario impacts on Feeder 1 peak loading maximums and 
averages when peak EG coincides with peak load. 
 
Assessment of the impacts of BAU and EM on network augmentation 
As mentioned above the generator dispersion model creates a clear distinction between 
the generation types in the case of Feeder 1. While both scenarios experience significant 
EG penetration levels, the BAU scenario attributes this to synchronous CHP plant 
(Appendix C) while in the EM scenario a similar capacity is attributed to PV. 
Here, the BAU scenario offers significant opportunity for scheduled operation of CHP 
generators as discussed in Section 6.1.6. Given fully scheduled operation of CHP 
generators from the onset, the cable upgrades in 2015 and 2020 would highly likely not 
take place until eight years later, as too would the augmentation that divided Feeder 1. 
When applied to the EM scenario, the fully scheduled CHP condition could be expected to 
delay the same works by approximately three years independent of PV generation. 
Assuming the load profile for Feeder 1 is consistent throughout the study period and 
applying an availability factor of 25% to the installed PV capacity permits a delay in the 
works of approximately four years. Note that in the interest of full analysis a 100% 
availability factor delays the same works by approximately 11 years. 
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7.1.3 Losses 
Figure 11 summarises the peak real power line losses for Feeders 1, 1.1 and 1.2 under 
correlated peak load and EG conditions as calculated in the load flow model. Applying a 
100% availability factor shows comparable results for both scenarios in all years studied 
and the same condition shows that peak losses are reduced by 45% for the BAU and EM 
scenarios as compared to the base case model. A corresponding analysis of both of the 
scenarios in 2050 indicates that an approximately linear relationship exists between EG 
penetration and the losses during peak load times in the case of Feeders 1.1 and 1.2.  
Under the EM scenario there is 7.1MW of EG installed on Feeders 1.1 and 1.2. While 
maintaining a 100% availability factor 125kW is saved in losses. This corresponds to an 
extra 2% gain in power required from the zone substation over the installed generation. 
Thus, for every 100kW of embedded generation installed in 2050, the power required from 
the zone substation is reduced by 102kW. 
 
Feeder 1: EG impacts on lotal line losses
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Figure 11: Impact of EG on peak losses for Feeders 1, 1.1 and 1.2. The steady state losses at 
peak load and peak generation as calculated across the entire feeder for each year and 
scenario. 
 
7.1.4 Voltage profiles 
The voltage profiles and maximum voltage drop were calculated from the load flow model 
as described in Section 6.3.4. Figure 12 shows the 2050 EM scenario voltage profile for 
Feeders 1.1 and 1.2.  
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Figure 12: Voltage Profile along Feeder 1 for the 2050 EM case. 
 
The minimum per-unit voltage on the feeder/s was recorded for each case and scenario 
as shown in Figure 13. Noting that under the most extreme EG penetrations of 2050 very 
little difference was found in the minimum voltage when 25% and 75% availability factors 
where applied to the EG – the minimum voltage varies between 1.001 and 1.007 p.u. 
linearly with variations in EG penetration under peak load conditions. 
EG penetration clearly raises voltages in all years, however, neither voltage drop nor rise 
has been found to be an issue in accordance with Section 6.1.4. 
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Figure 13: Minimum voltages on Feeders 1, 1.1 and 1.2. Zone substation 22kV bus voltage 
set point is 1.02 p.u. 
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7.1.5 Feeder 1: Results summary  
Feeder 1 is representative of a typical established urban industrial/commercial MV 
distribution feeder. Modelling of the development over the study time line indicates that 
major upgrades will be required for Feeder 1 in 2023. 
The generator dispersion model applies high EG capacities to the feeder under both the 
BAU and EM scenarios with a clear distinction between the technologies incorporated in 
each. 
High CHP penetration in the BAU scenario indicates that there is significant opportunity 
for a DNSP to incorporate scheduled operation of such plant in commercial zones where 
prolonged network augmentation could be highly likely. 
Due to the short length of Feeder 1, base-case model losses are not great; however, the 
inclusion of any penetration of EG provides improvements that vary linearly with generator 
availability. 
In summary, while either EG scenario would produce similar performance for Feeder 1 a 
benefit can clearly be seen in the ability to schedule commercially installed CHP 
generation in terms of network reinforcements and reductions in peak load losses in the 
BAU scenario. 
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7.2  Feeder 2: Established urban residential/commercial feeder 
7.2.1 Future scenarios 
Projected load growth and network augmentation to 2050 
The characteristics of Feeder 2 are such that modelling of persistent load growth indicates 
that small sections continually become overloaded during the study period. This is due to 
continual upgrades and modifications that have occurred on different sections of this 
feeder over its lifetime. 
Initial modelling shows that in 2016 sections of the feeder close to the existing zone 
substation and supplying predominately residential loads will exceed their 95% thermal 
capacity. As indicated by Figure 14 it is assumed that upgrades will occur after 2015 and, 
in order to maintain reliability the DNSP will install a new zone substation. 
Estimated year of 
upgrades: 
2016 at a growth rate of 1.7% p.a. from 2008. 
Nature of upgrades:  Split feeder into new commercial (29%), industrial (28%) and 
residential feeder (43%). 
Details of upgrades:  Split into two feeders. New zone substation will supply existing 
commercial, industrial and residential section. Original zone 
substation supplies existing residential section. 
Feeder  2.1:  Load growth is maintained at a rate of 2.1% pa corresponding to 
commercial, industrial and residential mixture. Pressures on Feeder 2.1 in 
2045 require substantial upgrades in the 2050 model. 
Feeder  2.2:  Load growth is maintained at a rate of 0.64% pa corresponding to 
established residential load. No further upgrades are required to 2050. 
 
Modelled Peak Summer Load Growth of 22kV Loads Supplied by Feeder 2
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Figure 14: Modelled load growth for Feeders 2, 2.1 and 2.2 excluding generation. 
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Projected embedded generator growth to 2050 
Moderate EG capacity is installed on Feeder 2 over the study period, particularly in the 
EM scenario as a result of residentially installed PV systems. The commercial sector 
makes a significant impact in both scenarios and the model indicates that BAU EG is 
attributable to a smaller number of higher rated CHP generators. 
The year 2050 incorporates a peak EG penetration of 13% and 20% in the BAU and EM 
cases respectively. EG growth by sector for Feeder 2 can be seen in Figure 15 below. 
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Installed EG by Sector Under the EM Scenario for Feeder 2
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Figure 15: Comparison of the installed GW by sector for Feeder 2 to 2050 under the BAU 
and EM scenarios. 
7.2.2 Peak loading 
It is apparent from all results that Feeder 2 is the least affected DNIS feeder. Assessing 
the impact of correlated peak load to generation has little impact on the peak conductor 
loading between the EM and BAU scenarios. Moreover, when comparing these cases to 
the base case improvements are present but only minor. Data gathered at 25% and 75% 
EG availability also indicates that there will be little impact on the peak loading of the 
network from variations in EG penetration. 
Assessment of the impacts of BAU and EM on network augmentation 
Analysis of the BAU scenario generator technologies recognises that there may be 
300kW of installed CHP generators by 2015 which should escalate to 540kW by 2020. 
Should this generation be scheduled to meet peak load, the works planned for 2016 may 
be postponed to 2018. It is also projected that other works on the feeder that would have 
occurred by 2040 and 2050 may be postponed for significant time periods. 
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Due to the slow uptake of PV, and the fact that CHP installation rates are negative, the 
EM scenario does not show great promise for Feeder 2. Given a 25% PV availability the 
planned 2016 works could potentially be delayed by one year. Extending the PV 
availability to an optimistic 100% will still only delay these works until 2019 which 
illustrates low PV penetrations at that time in the study. The opportunity exists for the 
postponement of OHL upgrade works before 2040 and 2050. Of course this dependant on 
residential load profiles that are appearing at that time. Given a good match to PV 
generation this time period may be a matter of a few years. 
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0%
20%
40%
60%
80%
100%
120%
2005 2015 2025 2035 2045 2055
Year
P
e
a
k
 
l
o
a
d
i
n
g
 
m
a
x
Base-case max. peak loading
BAU max. peak loading
EM max. peak loading
 
Feeder 2: EG impacts on average peak conductor loading
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Figure 16: BAU and EM scenario impacts on Feeder 2 peak loading maximums and 
averages when peak EG coincides with peak load. 
 
7.2.3 Losses 
Figure 17 summarises the total losses for Feeders 2, 2.1 and 2.2 for each year and 
scenario given correlated peak EG and load conditions. Modelled peak losses for the EM 
and BAU scenarios are comparable for all years, indicating that losses will not significantly 
decrease with increasing EG penetration for a given year. Furthermore, additional data 
gathered shows a linear relationship between the EG penetration and the losses while 
under peak load conditions for both scenarios. 
In the 2050 EM case there is 4.2MW of embedded generation installed on Feeders 2.1 
and 2.2. Correspondingly there is a reduction in peak losses of 40kW which realises an 
additional power gain of 1% over the installed generation as seen by the zone substation. 
This gives a good indication that there will be little benefit in terms of energy savings for 
Feeder 2, 2.1 and 2.2. 
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Feeder 2: EG impacts on lotal line losses
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Figure 17: Impact of EG on peak losses for Feeders 2, 2.1 and 2.2. The steady state losses at 
peak load and peak generation as calculated across the entire feeder for each year and 
scenario. 
 
7.2.4 Voltage profiles 
Figure 18 shows the 2050 EM scenario voltage profiles for Feeders 2.1 and 2.2. The 
impacts of the load mixture are evident in that the longest tee (Figure 18 (a)) extends 
beyond the commercial area to a small number of residential loads. Hence, little voltage 
drop is evident due to the lighter load and high PV penetration. Here, the implications of a 
variable EG indicate that the minimum voltage will vary linearly between 1.007p.u. and 
1.01p.u during peak load conditions. 
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(b) 
Figure 18: Voltage profiles for Feeders 2.1 (a) and 2.2 (b) under 2050 EM scenario 
conditions.  
 
Figure 19 summarises the minimum voltage for each Feeder 2 case. It is evident that the 
EG penetration has very little impact here despite there being a significant difference in 
generation between the BAU and EM scenarios. It is thought that the main reason for this 
is that there is a large industrial load located toward the extremities of Feeders 2 and 2.1. 
This point always sees the lowest voltage throughout the study period and as already 
discussed it is not the role of EG to provide support. 
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Figure 19: Minimum voltages on Feeders 2, 2.1 and 2.2. Zone substation 22kV bus voltage 
set point is 1.02 p.u. 
 
Given the load profile in Figure 44 the impacts of the industrial load can be seen as it is 
switched on at 6am and off at 4pm. The disconnection sees the Feeder 2 load drop by 
approximately 25% which will correspond to high PV outputs in summer and could create 
voltage rise issues if this operation is continued to 2050. Based on the assumption that 
this event coincides with the peak 2050 EM scenario PV generation a simple simulation 
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indicates that the voltage at the load will increase to 1.017p.u. A similar result is found in 
the BAU scenario. It should be noted that in both of these examples the lowest voltage 
found is no longer at the industrial load. It is, however, well within the limitations outlined 
in Section 6.1.4. 
7.2.5 Feeder 2: Results summary  
Feeder 2 is representative of a typical established residential MV feeder. It is also the 
least affected feeder studied. Continuous works over the life of Feeder 2 indicates that 
works will need to continue into the future similarly. EG on Feeder 2 has no significant 
impact on this process with the best outcome being a two year postponement given fully 
scheduled operation of some BAU scenario CHP plant. 
While benefits are realised in losses and voltage profiles they are minimal despite the 
significant difference between EG penetration in the BAU and EM scenarios. Even under 
an assumed regular daily switching event on Feeder 2.1 coinciding with peak generation 
the impact on voltage profiles is not remarkable. 
In summary, given the CSIRO generator installation figures, it will be feeders 
characterised by age and diverse loads such as Feeder 2 that are the least impacted 
upon by future EG installations. 
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7.3  Feeder 3: Greenfield feeder 
7.3.1 Future scenarios 
Projected load growth and network augmentation to 2050 
The load growth on Feeder 3 is predicted to follow an ‘S’ curve pattern which is currently 
in its early stages as described in Section 6.3.1. 
Much of the load supplied by Feeder 3 in 2008 is classified as semi-rural and a 20 year 
development plan is assumed which is expected to begin in 2013. Thus, after 2033 
growth is expected to stabilise to that of an established area with a majority residential 
load mixture. 
The Feeder 3 load growth trend is modelled with three distinct growth rates occurring over 
three time periods to 2050 (as can be seen in Figure 20). Each is determined under 
differing assumptions: 
1.  Growth rate of 3.3% p.a. from present until the end of 2013 based on an 
approximation of the DNSPs historic growth rate for established residential zone 
substations. 
2.  Fast growth rate (8.7% p.a.) period based on the historic growth rate of greenfield 
areas for 20 years to 2034. 
3.  A rate of 1.4% p.a. based on an assumed mixture of commercial and residential 
loads using ABARE data. 
Model growth points for the ‘S’ load growth model:  o 2008:  3.5MVA 
o 2010:  3.8MVA 
o 2015:  5.2MVA 
o 2020:  9.9MVA 
o 2030:  19.3MVA 
o 2040:  27.0MVA 
o 2050:  31.0MVA   
Details of 
upgrades: 
o  2015: first SWER section removed and replaced with 185mm
2 and 
240mm
2 three phase cabling. 
o  2020: second SWER section is removed and replaced with cabling. 
o  2020: a section of the original SWER OHL is removed and replaced with 
cabling that supplies some newly developed areas. The SWER 
transformer is moved further up the tee section in order to maintain a 
considerable semi-rural SWER load. SWER OHL is replaced with cable. 
o  2020: a large section of cable is upgraded near the zone substation. 
o  2025: new zone substation installed and Feeder 3 is split into two: 
Feeder 3.1 which supplies the original and early stage development 
areas and Feeder 3.2 now supplies the recently developed and 
developing outer regions of the original Feeder 3. 
o  2030: the section of SWER OHL supplied from the transformer that was 
moved in 2020 is now replaced with 240mm
2 and 185mm
2 cabling. The 
transformer is removed. 
o  2040: more of the cabling for Feeder 3.1 close to the original zone 
substation is upgraded to accommodate the increased load. 
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Figure 20: Modelled load growth for Feeder 3, 3.1 and 3.2 excluding generation. 
 
Projected embedded generator growth to 2050 
As the mixture of the load on Feeder 3 changes significantly over the study period an 
approximation is derived for the EG distribution model based on the final study year – load 
mixture: residential: 85%; commercial: 10%, and; rural: 5%. Feeders 3.1 and 3.2 cover a 
large, well developed, geographic area by 2050. As such it is exposed to the largest 
capacity of EG installed and the BAU scenario sees a modest 11% penetration in 2050 
while the EM case reaches a peak EG capacity of 27%. Furthermore, due to residential 
portion of the load the EM scenario has a very high PV penetration while the BAU 
scenario has a low SMG contribution as is evident in Figure 21. 
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Installed EG by Sector Under the EM Scenario for Feeder 3
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Figure 21: Comparison of the installed GW by sector for Feeder 3 to 2050 under the BAU 
and EM scenarios. 
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7.3.2 Peak loading 
As can be seen in Figure 22 the impacts on the peak thermal loading of Feeder 3 are 
significant, particularly in the case of the EM scenario. 
In the case of the maximum peak loading it is apparent that Feeder 3 is subject to 
significant pressures from continual load growth. Due to the mismatch between fast load 
growth and slow EG uptake there is not any significant EG installed which eases these 
pressures until after 2020 in either scenario. Towards the end of the study period it is 
clear that the 2050 EM case has the greatest impact on peak loading under the 
assumption of correlated generation to peak load as in Figure 22. 
Assessment of the impacts of BAU and EM on network augmentation 
An assessment of load growth on Feeders 3, 3.1 and 3.2 against EG availability indicates 
that neither scenario has any great impact on the installation of the second zone 
substation at all. The BAU scenario in not significantly impacted upon by EG (mainly PV) 
until beyond 2035 where peak penetration is only 4.4%. Similarly, while the peak 
penetration in the EM scenario is 11% in 2025 a 25% availability factor shows no impact 
on network augmentation. 
Due to the significant assumptions that where made in the development of the base case 
models it is difficult to quantify impacts on other network reinforcements accurately. One 
comment that can be made is that it is only the installed PV capacity in the EM scenario 
that could potentially make any difference. No impact is expected in the BAU scenario. 
Further, the development period of Feeder 3 may not represent that of a greenfield feeder 
that begins development at a later stage and very different results could be found. 
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Feeder 3: EG impacts on average peak conductor loading
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Figure 22: BAU and EM scenario impacts on Feeder 3 peak loading maximums and 
averages when peak EG coincides with peak load. 
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7.3.3 Losses 
Figure 23 summarises the real power losses incurred when peak generation and peak 
loads coincide for Feeders 3, 3.1 and 3.2 for each study year and scenario. It is clear that, 
under these conditions, EG penetration decreases losses for all years studied. The 
application of the usual availability factors finds that, whilst the conductor losses are 
significantly impacted upon by EG penetration, the relationship is linear whilst the load is 
at its peak. 
In 2050, the peak losses are reduced by 45% for the EM scenario as compared to the 
zero EG penetration base case. Corresponding to this situation it is found that with the 
2050 EM scenario EG installation of 8.1MW the reduction of peak losses of 230kW 
corresponds to an extra 3% gain in power delivered from the zone substation or 237kW. 
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Figure 23: Impact of EG on peak losses for Feeders 3, 3.1 and 3.2. The steady state losses at 
peak load and peak generation as calculated across the entire feeder for each year and 
scenario. 
 
7.3.4 Voltage profiles 
As can be seen in Figure 24, Feeder 3.2 is subject to significant voltage unbalance due to 
some SWER remaining on the network in the 2050 EM scenario. Significant voltage rises 
and drops are evident along with an indication that some sections of the feeder are 
exporting power. 
Since the feeder still contains some SWER in 2050, voltage rise is evident and at the 
maximum the single phase voltage nearly reaches 106% as a result of the fixed-tap 
settings remaining unchanged throughout the study. Hence, the issue could be overcome 
with a simple adjustment. Results indicate that, while power flow is reversed in some 
SWER tee sections, tap positions appear to be acceptable in regard to regulatory 
requirements. This factor may need reviewing on a case-by-case basis in the future as 
during peak load periods with low generation the voltage profile can be expected to be 
markedly different. 
While Feeders 3, 3.1 and 3.2 do have considerable voltage ranges, voltages remain 
within the tolerances at all times (Section 6.1.4) and an assessment finds that there is not 
any significant variation in the minimum voltage under variable EG penetration. The 
minimum voltage range found in the EM scenario is 0.974-0.988 p.u. under peak load and 
variable EG availability conditions. 
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(b) 
Figure 24: Voltage profiles for Feeders 3.1 (a) and 3.2 (b) under 2050 EM scenario 
conditions. Note the unbalance in Feeder 3.2 due to SWER. 
 
Figure 24 summarises the peak load and peak generation minimum voltages for Feeders 
3.1 and 3.2 during the study period. 
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Feeder 3: EG impacts on minimum voltages
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Figure 25: Minimum single phase voltages on Feeders 3, 3.1 and 3.2. The zone substation 
MV bus voltage set point is 1.02 p.u. 
 
7.3.5 Feeder 3: Results summary  
Feeder 3 is representative of a typical greenfield MV distribution feeder on which 
development imposes a ‘S’ curve load growth profile. Generator distribution applies a high 
EG capacity in the EM scenario which mainly consists of residential PV systems.  
Due to the assumptions made in the development of the base-case model it is difficult to 
quantify any impacts planning. Suffice to say that there is a clear mismatch between load 
growth and EG growth which results in no impact on base-case model network 
augmentation and no clear impact on planning in general until after 2020. The 
dependence on PV may postpone some of these later works; however, as noted earlier, 
this may occur without the knowledge of the DNSP. 
Both voltages along the feeder and real power losses where markedly improved in the EM 
and BAU scenarios. While maintaining the original set points on SWER transformers was 
found not to result in increased voltages here this may not always be the case and a 
case-by-case assessment of such transformers may be required if voltages become an 
issue on SWER networks. 
In summary, while the performance of the Feeder 3 shows an improvement under both 
EG scenarios, the assumptions that led to the development of the model leave a great 
deal of room for misrepresentation. What is clear is that it is more likely that the effects 
reported above will be present under scenarios such as the emissions mitigation scenario 
as without incentives there will be little EG installed in residential areas. 
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7.4  Feeder 4: Rural feeder 
7.4.1 Future scenarios 
Projected load growth and network augmentation to 2050 
As described earlier in Section 6.3.1 rural electrical energy consumption is expected to 
increase at a rate of 1.1% p.a. to 2050. Correlating this with a 10% contribution from 
industrial loads and a 10% contribution from residential loads gives Feeder 4 a growth 
rate of 1.2% per annum. As a result Feeder 4 maintains normal operation for some time. 
In the year 2020 the feeder starts to show signs of poor performance in regard to its 
voltage profile and resulting works are required in 2025. In order to accommodate these 
issues there is a second zone substation installed approximately 50km along the main 
feeder artery. 
Load growth and network augmentation characteristic are as follow. 
Estimated year of 
upgrades: 
2025 at a growth rate of 1.2% p.a. 
Nature of upgrades:  Zone substation #2 is installed 50km along Feeder 4 and splits 
Feeder 4 into Feeders 4.1 and 4.2. Both feeders continue to 
grow at the rate of 1.2% p.a. 
Feeder 4.1:  Retains two of the original regulating transformers and 7.78MVA of the 
2025 load before the installation of zone substation #2 (12.65MVA). No 
further network upgrades are required in the study period. 
Feeder 4.2:  Claims the remaining voltage regulating transformer and 3.55MVA of the 
original 12.65MVA. No further network upgrades are required in the study 
period. 
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Figure 26: Modelled load growth for Feeder 4, 4.1 and 4.2 excluding generation. 
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Projected embedded generator growth to 2050 
Outcomes of the EG distribution model indicate that Feeder 4 will receive a significant 
contribution from EG in the future. Particularly in the 2050 EM case where the peak EG 
penetration is 42%. A result which is mainly attributed to rurally installed 1.5kWP PV 
systems which could account for around 1/3 and 1/5 of the summer peak load in the EM 
and BAU scenarios respectively. Figure 27 shows the Installed EG capacity by sector for 
Feeder 4. 
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Installed EG by Sector Under the EM Scenario for Feeder 4
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Figure 27: Comparison of the installed GW by sector for Feeder 4 to 2050 under the BAU 
and EM scenarios. 
 
7.4.2 Peak loading 
Feeder 4 is the most impacted upon feeder in the DNIS. The relatively low rural and 
agricultural load growth rates coupled with the rapid uptake of rurally installed PV is 
evident in both the BAU and EM scenarios. Correlating peak loading with peak generation 
shows a significant impact on conductor loading as is evident in Figure 28.  
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Feeder 4: EG impacts on peak conductor loading
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Feeder 4: EG impacts on average peak conductor loading
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Figure 28: BAU and EM scenario impacts on Feeder 4 peak loading maximums and 
averages when peak EG coincides with peak load. 
 
Assessment of the impacts of BAU and EM on network augmentation 
Under both scenarios nearly all of the installed EG on Feeder 4 is PV, thus, there is a 
significant level of uncertainty in its availability. 
Analysis of the 2008 load profiles for Feeder 4 (Figure 48 and Figure 49) indicates that the 
typical rural ‘double-humped’ load profile is not necessarily a good match to the solar 
resource. Although the highest peak load actually occurs in Autumn, this is particularly 
true for the January sample. Note that the overnight peak in load is considered to be 
phased out over the study period as off-peak electric hot water heaters are replaced with 
gas. 
Assessments of the BAU scenario peak PV under 25% availability shows that the 
installation of the second zone substation may be postponed for 10 years to 2035. The 
same condition in the EM scenario indicates that the works may be postponed a further 
four years to 2039. Given the assumed maximum availability factor of 40% the works may 
be able to be postponed to 2037 and 2048 in the BAU and EM scenarios respectively. 
While the above analysis considers the day-time load profile, potential postponements of 
such time scales may also need to consider the night-time peak when there is no PV 
generation available. From Figure 49 a night-time peak current of 200A (7.62MW) is 
assumed and the original load growth value of 1.1% p.a. is applied to 2050. This results in 
a 2050 night-time peak load that is slightly less than the peak power demand which 
incurred the installation of the new zone substation in the first instance. Thus little impact 
will be felt from the expected night time demand and the statements above still remain 
valid. 
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7.4.3 Losses 
Figure 30 summarises the total losses incurred when EG peak is correlated to peak load. 
In 2025, the installation of zone substation #2 results in a considerable reduction in losses 
of 1.32MVA in the base-case. 
EG penetration decreases the peak losses for all years in the case of Feeder 4. Applying 
EG availability factors, however, shows a non-linear relationship between the EG 
penetration and the losses during peak load conditions. In Figure 29 it is clear that early 
EG installations result in the highest gain in losses. As penetration increases a saturation 
effect is clear and [32] indicates that increases in EG penetration beyond that point will 
result in increases in losses. 
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Figure 29: Comparison of the impact of EG penetrations on losses under the EM and BAU 
scenarios for Feeder 4 under peak conditions in 2050. 
 
A further benefit of the non-linear relationship in Figure 29 is that under the 2050 EM 
scenario the peak losses are reduced by 65% over the base case. Further, with 6.2MW of 
EG installed on Feeder 4 in 2050 the reduction of peak losses of 592kW corresponds to 
an extra 18% gain in power seen by the zone substation over the installed generation. 
Feeder 4: EG impacts on lotal line losses
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Figure 30: Impact of EG on peak losses for Feeders 4, 4.1 and 4.2. The steady state losses at 
peak load and peak generation as calculated across the entire feeder for each year and 
scenario. 
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7.4.4 Voltage profiles 
Figure 31 shows the voltage profiles for Feeders 4.1 and 4.1 under 2050 EM scenario 
conditions of peak load corresponding to peak EG penetration. As is typical for rural 
feeders, Feeder 4.1 and 4.2 include OLTC transformers. Assessment with the usual 25% 
and 75% EG availability factors indicates that all three transformers are not exposed to 
reverse power flows and are capable of operating under the projected high penetrations 
while maintaining the correct voltage ranges as defined in Section 6.1.4. 
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Figure 31: Voltage profiles for Feeders 4.1 (a) and 4.2 (b) under 2050 EM scenario 
conditions. Note that in both cases the ZSS 22kV bus is set to 1.04 p.u., regulating 
transformers correspond. 
 
Voltage rises along the line indicate that in some SWER tee sections power flows have 
reversed. This is consistent with the results of Feeder 3 and is thought to be due to the 
very light loading of SWER.  Figure 32 summarises the voltage drop for each year and 
scenario, showing the minimum per-unit voltage on Feeders 4, 4.1 and 4.2. 
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Feeder 4: EG impacts on minimum voltages
0.87
0.88
0.89
0.90
0.91
0.92
0.93
0.94
0.95
0.96
2005 2015 2025 2035 2045 2055
Year
M
i
n
i
m
u
m
 
V
o
l
t
a
g
e
 
(
p
.
u
.
)
Base Case
BAU
EMS
 
Figure 32: Minimum Voltage on Feeders 4, 4.1 and 4.2. The voltage set point at the zone 
substation 22kV bus is 1.04 p.u. in all cases. 
 
The base case voltage drop is already significant, with the minimum voltage in 2020 
dropping below the 90% threshold. When the peak load is matched to the peak 2050 EM 
scenario generation significantly improved voltage profiles can result for Feeders 4, 4.1 
and 4.2. 
7.4.5 Feeder 4: Results summary 
Feeder 4 is representative of a typical rural MV feeder which is expected to be 
significantly impacted upon by PV generation in the future under the CSIRO’s generator 
installation model.  
Significant benefits are expected to result in the form of savings in losses and extensions 
on projected works. Given the load profiles the solar resource peak is poorly matched to 
the peak load here. Should peak generation be shifted through demand side management 
or scheduling methods the prospective savings would be even more pronounced. 
Moreover, should there be pressures on a DNSP to significantly reduce losses in their 
network it is clear significant gains can be made in rural feeders. 
As it is typical for many rural feeders to operate with large voltage ranges the voltage 
regulating equipment already has the capacity to deal with the peak loads. Whilst 
excluding considerations of generation swings here it is clear that the inclusion of any 
embedded generation only eases pressures on such equipment. The tap positions of 
SWER transformers on the network may not be appropriate under high EG penetrations 
and case-by-case assessments may be necessary. 
7.5  Embedded generation and distribution network fault levels 
In classical radial networks power flow is unidirectional and fault currents are delivered 
from centrally located generating plant to the fault. The only current limiting factor is the 
sequence impedance of the fault current path. Thus, it is important to assess the 
behaviour of prospective three phase fault currents under high EG penetrations in both LV 
and MV networks. 
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7.5.1 Methodology for assessing fault levels 
The potential for encroachment of fault levels is an issue as EG installations begin to 
increase in number as it may become possible for prospective fault levels to exceed the 
ratings of existing equipment and/or levels prescribed by regulatory bodies. Here, 
limitations on the fault levels present in MV and LV distribution networks are 13.1kA and 
50kA respectively [3]. 
Under both the BAU and EM scenarios applied to the EGVP study projections indicate 
that there will be a number of small (5-50kW) SMGs installed in residential and rural 
applications where the connection will be at low voltages. Grid-connected inverters are 
not capable of delivering considerable fault currents and are neglected [33, 14]. Thus, 
only SMGs are considered to contribute. 
Prospective maximum zone substation MV fault currents are 7kA which is assumed under 
present day conditions. Increased fault current due to network changes is not considered 
in this analysis. 
Low voltage assessment 
In order to assess the impact of EG on LV fault currents the following modelling scenarios 
have been developed. 
•  LV feeder models 1-3 (as introduced in Section 6.3.3) are analysed under very high 
EG penetration levels in the order of 100% and then compared to scenarios in which 
the EG is excluded. 
•  Generators are 5kW diesel SMGs. 
•  A scenario where a single 5kW diesel generator is connected to the LV side of an 
MV/LV distribution transformer is analysed for comparison. 
•  Further consideration is paid to the impacts on fault currents delivered by the MV 
network in order to determine the effects of SMG EG in that regard. 
Medium voltage assessment 
Feeder 1 is assessed under 2050 BAU conditions where a large penetration of CHP 
generation is installed in the form of six 500kW SMGs modelled alongside commercial 
loads. 
Generator characteristics 
Generators are modelled as three phase 15kW diesel generators in LV networks and 
three phase 500kW CHP generators in MV networks. Generator model characteristics are 
defined by Table 2. 
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Nominal characteristics
Snom 17 kVA
P3phase 15 kW
P1phase 5k W
PF 0.9 lagging
Inom 22 A at 415V
Fault reactances (% base on the generator MVA rating)
Subtransient reactance X"d 12%
Transient reactance X'd 20%
Synchronous reactance Xd 80%
-ve sequence reactance X2 10%
0 sequence reactance Xo 5%
Generator fault contribution 210A
Diesel Generator Characteristics
Generator modelled as a star connected, salient pole 
rotor, generating at 5kW/phase. Typical characteristic 
values are applied.
  (a) 
Nominal characteristics
Snom 560 kVA
P3phase 500 kW
P1phase 167 kW
PF 0.9 lagging
Inom 14.7 A at 22kV
Fault reactances (% base on the generator MVA rating)
Subtransient reactance X"d 14%
Transient reactance X'd 25%
Synchronous reactance Xd 90%
-ve sequence reactance X2 13%
0 sequence reactance Xo 7%
Generator fault contribution 120A
CHP Generator Characteristics
Generator modelled as a star connected, salient pole 
rotor, generating at 500kW. Typical characteristic values 
are applied.
  (b) 
Table 2: Fault level impact analysis 15kW diesel generator (a) and 500kW CHP generator (b) 
characteristics [34]. 
 
7.5.2 Fault level case study – LV feeders 
The results from the three LV feeder models are tabulated below. Busses are ordered by 
distance from the zone substation and busses that have generators installed are denoted 
with ‘(G)’. 
 
Base case: Phase A 6
Load 29.8 kW SMG size 5 kW 30.0 kW
101%
22kV ZSS 22KV Tx 1 (G) 2 (G) 37   (G) 4 (G) 58   (G) 6 (G) 9 (G) ---------
Base-case model 7.00 2.33 8.37 5.49 4.64 2.93 2.82 2.64 1.90 1.76 1.73
EG model 7.02 2.35 9.57 6.69 5.78 3.83 3.59 3.33 2.53 2.17 2.28
Increased by 0.02 0.02 1.20 1.20 1.14 0.90 0.77 0.69 0.63 0.41 0.55
Base case: Phase A 12
Load 62.1 kW SMG size 5 kW 60.0 kW
97%
22kV ZSS 22KV Tx 1 2 (G) 3 (G) 13 7 (G) 10 (G) 4 8 (G) 14 (G) 16 (G) 11 5 (G) 17 12 (G) 9 (G) 18 (G) 15 (G) 6 (G)
Base-case model 7.00 3.05 8.46 6.93 5.82 6.07 5.35 5.05 4.92 4.95 3.74 4.69 4.69 4.66 4.52 4.52 4.51 4.36 3.47 3.30
EG model 7.03 3.08 10.58 9.24 8.05 7.87 7.26 6.97 6.69 6.58 4.66 6.38 6.34 6.26 6.09 6.06 5.83 5.83 4.28 4.13
Increased by 0.03 0.03 2.12 2.31 2.23 1.80 1.91 1.92 1.77 1.63 0.92 1.69 1.65 1.60 1.57 1.54 1.32 1.47 0.81 0.83
Base case: Phase A 8
Load 40.0 kW SMG size 5 kW 40.0 kW
100%
22kV ZSS 22KV Tx 1 (G) 2 (G) 31 0   (G) 47 5   (G) 89   (G) 11 (G) 12 (G) 6 (G) ------
Base-case model 7.00 4.50 8.67 7.69 7.57 6.95 6.92 6.81 6.09 6.04 5.95 5.93 5.71 4.60
EG model 7.02 4.52 10.17 9.23 9.09 8.33 8.27 8.10 7.22 7.08 6.96 7.03 6.74 5.32
Increased by 0.02 0.02 1.50 1.54 1.52 1.38 1.35 1.29 1.13 1.04 1.01 1.10 1.03 0.72
LV Feeder 3 - Impacts of EG on phase 'A' fault levels
LV Busses
LV Busses
MV Busses LV Busses
EG case: Phase A No. of Gens.
Generators = 5kW DG SMG
EG case: Phase A
Bus
MV Busses
No. of Gens.
Penetration
EG installed
LV Feeder 1 - Impacts of EG on phase 'A' fault levels
MV Busses
Bus
EG case: Phase A No. of Gens.
EG installed
Generators = 5kW DG SMG Penetration
EG installed
Generators = 5kW DG SMG Penetration
LV Feeder 2 - Impacts of EG on phase 'A' fault levels
Bus
 
Table 3: Impacts on LV fault levels of extreme EG penetration (kA). 
 
Results indicate that under very high penetration levels the diesel generators do impact 
on the network fault levels. In all three cases the existing fault level is increased by a 
value that is relative to the number of generators connected to the feeder. Further, the 
impact is less noticeable in higher impedance networks that are characterised by low fault 
levels. 
While fault levels are increased in all cases this increase appears to be manageable. 
Closer analysis reveals that, in all three cases, the fault current delivered from the zone 
substation to faults occurring at MV busses and faults occurring at the LV side of the 
MV/LV distribution transformer remained the same regardless of EG. 
In comparing the results above to that where a single 5kW diesel generator connected to 
the LV supply point LV Feeder 1 is selected. Results are shown in Table 4 and indicate 
that, while the increase at Bus 1 is of the expected magnitude it is quickly attenuated 
through the network and has no impact on the MV side of the distribution transformer. 
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Base case: Phase A 6
Load 29.8 kW SMG size 5 kW 30.0 kW
101%
2 2 k V  Z S S 2 2 K V  T x 1  ( G ) 23745869
Base-case model 7.00 2.33 8.37 5.49 4.64 2.93 2.82 2.64 1.90 1.76 1.73
EG model 7.00 2.33 8.57 5.57 4.70 2.96 2.84 2.66 1.91 1.77 1.74
Increased by 0.00 0.00 0.20 0.08 0.06 0.03 0.02 0.02 0.01 0.01 0.01
Bus MV Busses
LV Feeder 1 - Impacts of EG on phase 'A' fault levels: Low penetration
LV Busses
No. of Gens.
EG installed
Generators = 5kW DG SMG Penetration
EG case: Phase A
 
Table 4: Impacts on LV fault levels of low EG penetration – LV Feeder 1 (kA). 
 
7.5.3 Fault level case study – MV Feeder 1 
In this case the CHP plant comprises a total EG penetration of 13% and results are shown 
in Table 5 for an arbitrarily selected set of busses around the feeder. Results indicate that, 
while there is an increase in fault levels it is not extreme and appears to be manageable. 
 
Base case 6
Load 23.8 MW SMG size 0.5 MW 3.0 MW
13%
42 (ZSS) 94 44 (Gx2) 101 (G) 49 109 (G) 96 (G) 38 (G) 29 22 21 13 60
Base-case model 6.95 6.03 5.78 5.68 5.67 5.66 5.61 5.26 5.09 5.02 4.77 4.46 4.27
EG model 7.34 6.41 6.15 6.00 5.98 6.02 5.92 5.59 5.35 5.27 5.00 4.67 4.46
Increased by 0.39 0.38 0.37 0.32 0.31 0.36 0.31 0.33 0.26 0.25 0.23 0.21 0.19
Busses
EG installed
Generators = 500kW CHP SMG Penetration
Bus
EG case: Phase A No. of Gens.
Feeder 1 - Impacts of EG on fault levels
 
Table 5: Impacts on MV fault levels of moderate EG penetration – Feeder 1 (kA). 
 
The introduction of EG has had a slight impact on fault currents delivered by the zone 
substation. In the base case model a ‘bolted’ three phase fault at bus 42 draws 6.95kA 
from the zone substation while the same fault under the CHP generation scenario draws 
6.84kA. Assessment was also made of this scenario when the zone substation fault 
capacity was increased to 12.5kA (just below the permitted maximum [3]). A similar result 
was found and the supplied current was reduced to 12.4kA. 
7.5.4 Fault level summary 
The introduction of EG into distribution networks equates to the introduction of additional 
sources of fault current. With LV EG penetrations of ~100% the impacts on fault levels 
appear to be manageable in all cases and do not exceed limits. 
Low-end LV protection equipment carries typical maximum breaker ratings of 6kA and 
10kA [35, 36]. It is apparent that under the extremely high EG penetration levels used in 
the LV case studies the additional fault capacity may exceed that of present LV protection 
equipment. This was not found to be the case under low penetration scenarios. 
In respect to overall network fault capacities, it should be noted that continual network 
upgrades and additional interconnections and generation already promotes overall 
increases in fault levels. It is left to further work to determine whether this ‘natural’ 
encroachment may eventually result in LV network fault capacities exceeding protection 
ratings regardless of EG installations. Early analysis of the EGVP EG growth data 
appears to indicate that this is the most likely outcome. 
The compounding impact of multiple LV feeders with very high SMG EG penetration 
scenarios (~100%) on MV feeders is not considered to be realistic. The more realistic 
scenario of a single 5kW generator connected to the LV side of an MV/LV distribution 
transformer was investigated. It was found that there was no impact on the fault currents 
in the MV network. Thus, it is assumed that the overall impact on the MV network in the 
more realistic scenario of multiple LV feeders with low SMG EG penetrations is minimal. 
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The results of the analysis of Feeder 1 indicate that a 13% SMG EG penetration 
(6x500kW generators) does have the capacity to offset a small amount (1.6%) of the fault 
current delivered by the ZSS under present day MV fault levels. Under increased fault 
capacities the same assessment found a reduction of 0.8%. These variations are 
considered to be small enough to have little impact on existing MV protection equipment 
settings. 
7.6  Embedded generation and harmonic distortion 
As discussed in Section 6.2.2 grid-connected inverters which utilise PWM inject harmonic 
currents to their PCC. In distribution networks almost all harmonic sources are low voltage 
and, given that delta wound MV/LV distribution transformers hinder triplen harmonics, 
assessments of THD shall concentrate on LV networks.  
Given that the presence of SMC loads can introduce significant THD levels in LV 
networks the issue of concern to this study is that of EG introduced harmonic currents 
compounding existing harmonic currents to an extent that regulatory limitations on voltage 
THD (Table 6) are exceeded. Some of the issues which occur when emission levels 
become excessive are discussed in Section 6.3.4. 
 
Odd Even
Vnom < 1kV 5% 4% 2%
1kV > Vnom ≤ 66kV 3% 2% 1%
Nominal PCC voltage THD
Individual voltage harmonics
Voltage Harmonic Distortion Limits in Victorian Distribution Networks
 
Table 6: Harmonic voltage limits for LV and MV networks as defined by [3] 
 
7.6.1 Methodology for assessing harmonic distortion 
A correct appraisal of the THD levels with high EG penetration must compare the existing 
harmonic levels to those after the connection of EG. All three LV feeder models are 
utilised for this comparison. 
Based on the discussion of Section 6.1, 50% of each single phase load is represented as 
non-linear and the second summation method (AS/NZS 61000.3.6:2001) is applied to 
each load with N=10. Loads are modelled with the square-wave method outlined in [37] 
where electronic loads draw square wave currents with a spectrum of odd order 
harmonics with magnitude 1/h for harmonic order h. 
Inverter harmonic spectrums are modelled at the permissible limits of AS4777.2 (Table 1) 
and modelling shall be conducted under very high PV penetration where a 1.5kWP system 
is installed at every single phase load modelled (under an availability of 100%). All cases 
shall examine the harmonic distortion up to the 50th harmonic in the form of the highest 
single phase voltage THD and the THD appearing on the LV side of the distribution 
transformer. 
7.6.2 Harmonic distortion case studies 
The results of the three case studies are tabulated in Table 7. In the case of the 22kV 
measurement the THD levels are found to be equal across all three phases while LV 
measurements present significant diversity between the phases. 
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Study case
22kV Bus 
THD
Maximum 
LV THD
22kV Bus 
THD
Maximum 
LV THD
22kV Bus 
THD
Maximum 
LV THD
Base case 0.08% 3.48% 0.09% 4.80% 0.08% 3.20%
ICG case 0.09% 3.67% 0.10% 0.09% 3.32%
THD change 0.01% 0.19% 0.01% 0.24% 0.01% 0.12%
LV Feeder 1 LV Feeder 2 LV Feeder 3
Single phase voltage THD levels recorded for  three LV feeder models under normal 
load and high ICG penetration conditions
5.04%
 
Table 7: Voltage THD levels found in the three LV feeder model case studies 
 
Table 7 indicates that the THD in LV Feeder 2 is subject to the largest change in THD and 
the final value has exceeded 5%. It is clear that the attenuation properties of low 
impedance underground LV networks have an effect in Feeder 3. 
Figure 33 to Figure 35 show the harmonic phase voltage spectrums for the bus subject to 
the highest THD found in each LV feeder. The ICGs clearly introduce higher order 
harmonics. While the impact on the third harmonic appears to be manageable the 5
th, 7
th, 
9
th, 11
th and 13
th are increased. 
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(b) 
Figure 33: LV Feeder 1 phase voltage harmonic spectrums at the bus with the highest THD 
pre ICG connection (a) and post ICG connection (B)  
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(b) 
Figure 34: LV Feeder 2 phase voltage harmonic spectrums at the bus with the highest THD 
pre ICG connection (a) and post ICG connection (B)  
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(b) 
Figure 35: LV Feeder 3 phase voltage harmonic spectrums at the bus with the highest THD 
pre ICG connection (a) and post ICG connection (B)  
7.6.3 Harmonic distortion summary 
In many cases the voltage harmonic distortion found in LV distribution networks due to 
electronic loads is significant. The introduction of high concentrations of grid connected 
inverters operating with the largest permissible current harmonic injections is found to 
impact on the existing voltage harmonics. Evidently, the extent of this impact is reliant on 
the impedance of the conductors in the network. It has been shown that where very high 
THD already exists it is possible for regulatory limits to be exceeded by the addition of the 
ICGs modelled here. 
It is apparent that the ICG harmonic impact on the MV side of distribution transformers is 
minimal as noted above. Given this it is concluded that the accumulated harmonic 
distortion appearing in MV networks will not be impacted upon by the widespread uptake 
of grid connected inverters. 
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7.7  Rapid voltage fluctuations 
Voltage fluctuations are related to variable currents drawn by loads. Hence, all distribution 
networks are subject to some degree of voltage variation during normal operation. The 
issue scrutinised here is the impact of variability in generation with high PV penetrations 
on voltage fluctuations and the corresponding effect of these fluctuations on active voltage 
regulating components such as OLTC transformers. 
7.7.1 Methodology for assessing voltage fluctuations 
Of great importance to high PV penetrations is determining the voltage changes that 
would occur due to a large loss of generation such as would be created by a cloud 
passing overhead. 
In the 2050 EM scenario EG on Feeder 4.1 consists of approximately 3.6MW of PV 
generation. The feeder is also already impacted upon by a large voltage range and 
incorporates two regulating transformers along its 62km length. The 10.2MVA load on the 
feeder primarily consists of rural and peak PV penetration is 41.6% of the peak load 
(including losses at peak load). 
Voltage variations of this nature are considered to be equivalent to variations in steady 
state voltages such that load flow simulations can be used to provide an indication of the 
extremes of operation. Moreover, given that solar resource peaks correspond 
approximately to peak loads these results are expected to show a realistic representation 
of the network’s voltage ranges and the extremes of operation for voltage regulating 
equipment. 
Note that as the minimum load occurs at night time, peak PV generation during minimum 
load scenarios are not considered to be realistic. Thus, they are not considered. 
7.7.2 Rapid voltage fluctuation case study – Feeder 4.1 
Base case – peak PV generation corresponding to peak load 
Figure 36(a) shows the voltage profile of Feeder 4.1 with all embedded generation 
connected. In this steady state the first regulating transformer (Tx01) is resting at the 
7/15% tap position while the second OLTC transformer (Tx02) is sitting at 9/15%. 
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(b) 
 
Figure 36: Feeder 4.1 voltage profiles with EG availability of 100% corresponding to peak 
load (a) and  EG availability of 0% corresponding to peak loads (b). 
 
Case 1 - Loss of all PV corresponding to peak load 
Figure 36 (b) indicates that the voltage across the feeder would drop by approximately 2% 
due to a sudden loss of all PV generation. In this state Tx01 is tapped to 12/15% while 
Tx02 rests at 14/15%. 
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Case 2 – partial loss of PV corresponding to peak load 
In this case the PV availability is lowered to 25% in order to simulate partial cloud cover. 
Results indicate that the effect is very similar to that with a 41% penetration. Tx01 is now 
tapped to 8/15% and Tx02 rests on 9/25% as it was under the higher penetration case 
above. No other significant impacts have been noted. 
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Figure 37: Feeder 4.1 voltage profile with 25% PV availability 
 
7.7.3 Rapid voltage fluctuations summary 
Results of this assessment show that with the scenario of high PV penetration there would 
not be any adverse voltage changes should a sudden loss of generation occur for Feeder 
4.1. 
As Feeder 4.1 is thought to be representative of a typical rural feeder which incorporates 
voltage regulating equipment it has been concluded that there will be an impact on the 
operation of such equipment. The voltage variations found here are manageable by both 
of the transformers; however, they can be expected to be exposed to more frequent tap-
changing operations which could result in higher maintenance requirements. Furthermore, 
it is expected that generation variations of this nature will occur over gradual time scales 
which will be sufficient to permit these operations to take place. Hence, under high EG 
penetrations it is though that distribution planning processes should allow for OLTC 
transformers with sufficient tap ranges and mechanical sturdiness to allow for any change 
in voltage due to the loss of a large portion of the EG and more frequent operations. 
7.8  Reverse power flow under high CHP penetration 
As discussed in Sections 6.1.7 and 6.3.4 the issues that arise from reversed power flow 
concern protection and the behaviour of active voltage regulating equipment. 
A high level investigation into the potential for power flow reversal was conducted with the 
inclusion of the Feeder 1.1 and 1.2 CHP generators. The following assumptions where 
applied to the 2050 BAU case. 
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•  This case includes 6x500kW and 79x30kW commercially installed CHP generators. All 
are assumed to be operating in a power factor control mode at a lagging power factor 
of 0.9. 
•  Based on the 2008 Feeder 1 load profile of Figure 42 the lowest demand occurs at 
around 1am and is 30% of the maximum demand – this scaling factor is applied to the 
real and reactive power of all loads. 
• The minimum load occurs at night, thus, only CHP generation is considered. 
Penetration at this time is 73%. 
Load flow results are tabulated in Table 8 and voltage profiles for a peak day and this high 
penetration scenario are compared in Figure 38. 
 
Year: 2050
Scenario: BAU
Loads Scaled To 30%
Total Infeed 1.57 MW
Total Generation - P 5.50 MW
Total Generation - Q 2.63 MVAr
Total Load 7.07 MW
Total Losses 2.80 kW
Feeder 1 power flow reversal: night-time load
Feeder 1 Operating Points
 
Table 8: Load flow results under modified generation and load scenario for reversed power 
flow in Feeder 1. 
 
6.0000 4.8000 3.6000 2.4000 1.2000 -0.0000 [km]
1.0200
1.0160
1.0120
1.0080
1.0040
1.0000
[p.u.]
Voltage, Magnitude
Feeder 1.1
Feeder 1.2
Feeder 1 - Industrial / Commercial  Voltage Profile-Cub_2
Power Flow Reversal  All EG operating - daytime load, BAU scenario 
  Date:  10/29/2008 
  Annex:   /1
D
I
g
S
I
L
E
N
T
 
(a) 
 
 
                  ENG450 Internship Project, Final Draft: Distribution Network Impact Studies – Butler, T.                                                      Page 63 of 106  
 
 
6.0000 4.8000 3.6000 2.4000 1.2000 -0.0000 [km]
1.0200
1.0160
1.0120
1.0080
1.0040
1.0000
[p.u.]
Voltage, Magnitude
Feeder 1.1
Feeder 1.2
Feeder 1 - Industrial / Commercial  Voltage Profile-Cub_2
Power Flow Reversal  All CHP operating only 
  Date:  10/29/2008 
  Annex:   /1
D
I
g
S
I
L
E
N
T
 
(b) 
Figure 38: Voltage profiles for a peak day (a) in the 2050 BAU scenario and the power flow 
reversal nigh time example (b) (note differences in scales). 
 
It is apparent that, even in this scenario, all of the EG generated power is consumed near 
its source. Further investigation found that the power flows reversed to the zone 
substation once the loads where scaled down to 23% of their peak values resulting in a 
95% EG penetration. Thus, while the introduction of high EG penetrations (73%) does 
introduce the possibility for the reversal of power flows in the network, it is more likely that 
the power flow will be reversed in sections of the network. Local loads manage to 
consume the additional generation and the supply from the zone substation is reduced, 
rather than reversed. 
The main reason for this result is that generators considered in this study produce energy 
at times that correspond to human activity (see B.1 for more information on this aspect). 
Thus, at night time when the load is lightest there is very little coinciding generation, peak 
daytime loads are substituted by EG. Loads seen by zone substations are reduced only 
and rarely reversed. 
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8 Summary  of  results 
The MV feeders considered in the distribution network impact study are assumed to be 
typical of the classes which they represent. Base-case feeder models of four real-world 
distribution feeders have been developed for the appropriate study years based on 
available data on electrical energy consumption growth rates by sector as reported by 
ABARE. The data gave projections from 2007 to 2030 and these figures are assumed to 
remain constant to 2050. 
The base-case feeder models provided the framework for the development of the 
generator distribution model, the results of which permitted the superposition of 
appropriate generator installation rates onto the feeders for the years in question. The 
assumptions that surround such a model are considered to be reasonably accurate; 
however, they do leave considerable room for misrepresentation of future scenarios. As 
this is the nature of a study such as this one these assumptions are clearly defined herein. 
While the results of this study are captured in previous sections it is the intention of this 
section to present them through providing comparisons intended on giving an overall view 
of the components studied and impacts found. 
In nearly all cases the generator distribution model projected significant generator 
numbers and Feeder 1 provides an excellent example of the projections for the 
commercial sector under either scenario. It is apparent that it is only under strict 
emissions abatement schemes that the residential sector will make a major contribution to 
installed EG capacities. The CSIRO model shows that it is the rural sector that will make a 
major contribution under either scenario. While the CSIRO figures indicate that the 
industrial sector will assist it is not recognised here due to the small contribution of 
industrial load supplied by the feeders. 
Network augmentation 
Due to the assumptions made in the development of the base-case models the exact 
impact on network augmentation is difficult to quantify accurately. In almost all cases EG 
makes some impact; however, it is clear that this impact is very small in the case of 
greenfield areas and those that fall into the class of Feeder 2. The very heavy reliance on 
PV in most cases relies on significant sensitivity to the availability of generation during 
peak load times. 
In the case of Feeder 4 there appears to be significant opportunity for a demand side 
management strategy to shift the peak load time in order to match peak PV generation. 
An alternative method of managing this mismatch is achieving a shift in peak PV 
generation by shifting the installed azimuth angle. It is reported that the optimum plane-of-
array for a PV system is a tilt equivalent to the latitude angle of the site and an azimuth 
angle of 0° such that the array is facing the equator. In the case of Feeder 4 the peak load 
is later in the day. Orientating PV arrays on a more westerly azimuth angle can delay the 
peak generation time to suit. 
Another opportunity can be found in the ability for scheduled operation of commercially 
installed CHP plant. This is clearly evident in the case of Feeder 1 where the BAU 
scenario could delay major works on the feeder by eight years. 
Some issues are still to be accounted for in these results. Firstly, the matter of the feeder 
needing to ‘black-start’ after an outage may require the feeder to take the full load until 
generators are able to be put back on-line automatically or manually. Secondly, the 
assumptions made in the development of the models in this study can only ever give an 
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indication of possible outcomes and it will be experience that dictates real-world 
outcomes. 
Losses 
In all cases the feeder models presented significant improvements in network losses and 
the potential for EG to contribute here is promising. It has been shown that in older 
established feeders that supply a mixture of commercial and residential load the least 
benefit will be realised from EG. This is evident in Figure 39 which summarises the impact 
of the two scenarios on real power losses when peak EG availability corresponds to peak 
load on each feeder. 
It is evident that the response of rural feeders to increased penetrations is of great 
promise. There are two factors that are contributing to this result. Firstly, the large 
distances covered by rural feeders results in cost effective conductors being used which 
typically have high losses. Secondly, the CSIRO generator model provides significant 
generator numbers in rural locations to the extent that peak penetration of Feeder 4 
reaches 42% in 2050. The combination of these two factors results in the non-linear 
relationship between the availability of EG and losses under peak load conditions as 
shown by Figure 29. 
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Figure 39: Summary of peak losses for the four DNIS MV feeders in 2050. Peak real power 
losses over the feeder are shown for the three EGVP scenarios for 2050. 
 
A comparative method has been developed in which the impacts of each scenario can be 
assessed in terms of a percentage improvement in energy supplied per kW of EG 
installed in 2050, comparing the BAU and EM scenarios to the base-case as in Equation 
3. 
 
Base EM
Improvement
EM
Losses Losses
% 100%
Generation
−
=×
            (3) 
Shown in Figure 40 this representation clearly shows that the reductions in supplied 
energy are better with lower EG penetrations in all cases (Note that a percentage of 10% 
implies that for every kW of peak EG the supply point sees a 1.1kW reduction in energy 
required from the substation). The figures are all positive which implies that no feeder has 
passed the ‘saturation’ point as discussed in Section 7.4.3. 
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Figure 40: Percent improvement in losses for each feeder in 2050 as calculated by Equation 
3. 
Voltage profiles 
Improvements in voltage profiles where realised in all cases studied despite voltage 
supportive functions for generators being neglected. Figure 41 summarises minimum 
voltages in 2050 for all four feeders under 100% availability and peak load conditions. 
In all cases voltages increase such that the margin between the operating voltages and 
the nominal minimum voltages is increased as a result of the additional EG. Given a 
variable EG availability linear relationships have been found between the maximum 
voltage under an EG scenario and the minimum voltage in the base-case scenario. 
Feeder 4 maintains the largest voltage range in the two scenarios while the very low 
impact on Feeder 2 is representative of the low EG capacity installed on that feeder. 
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Figure 41: Summary of voltage drops for the DNIS MV feeders in 2050 showing minimum 
per-unit voltages along each feeder is modelled for the three DNIS scenarios in 2050. 
 
Analysis of the interaction between voltage support elements and EG found that there are 
no immediate threats to existing equipment. In the case of Feeder 4 it was found that the 
three OLTC transformers are capable of maintaining their initial operation strategies 
regardless of the installed EG capacity. An investigation found that under the worst case 
scenario of a generation swing of 100% to 0% availability the two OLTC transformers on 
Feeder 4.1 where capable of maintaining correct operation given realistic time scales for 
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such a generation swing. This result is considered to be realisable due to the fact that 
such devices are installed with maximum load conditions in mind. EG simply reduces the 
maximum load according to availability factors. Thus, the situation only improves slightly 
and steady state operation moves between the improved state and the original design 
state. 
In terms of voltage rise, where SWER transformers are included the fixed-tap setting on 
their secondary side may need review under high EG penetration scenarios. Similarly, 
whilst not considered to be an issue, the impact of high EG penetrations on low voltages 
may need to be reviewed under very high EG penetrations. Due to the variability of both 
generation and load, it is recommended that these issues be dealt with on a case-by-case 
basis as they arise or until experience dictates a reliable methodology. 
Power flow reversal 
It has been shown that in no case does a reversal of power flow occur to a zone 
substation busbar. Variations in load managed to achieve this under consideration of 
Feeder 1; however, the prerequisite criteria of minimum overnight load meeting maximum 
commercial CHP generation are considered to be highly unlikely. It was found that in 
many situations SWER transformers experienced reversed operation and so too did many 
MV/LV transformers. The conclusion on this matter is that while it is likely that power flows 
within the network will reverse, there will be little noticeable impact on any network 
element studied here. 
Protection 
Investigations into the impact on network fault levels found that the additional 
synchronous plant will increase existing fault capacities. The impacts of this increase; 
however, are thought to not impede the operation of existing equipment. Reasons for this 
include the following. 
•  It has been suggested that while LV equipment is rated to 6-10kA breaking currents 
the natural encroachment of fault levels is thought to exceed these limits before the 
addition of large amounts of synchronous EG does. 
•  It was shown that a very high SMG penetration still had little effect on the operation of 
existing MV fault currents. Thus, any impact on protection equipment settings is 
considered too small to be of concern. 
•  Given that the current discrimination techniques remain in place, any protection 
equipment will operate correctly and faults will be cleared. This is particularly true at 
the LV level where thermally operated miniature circuit breakers are used as their 
operating times are fast in comparison to the NH or HRC fuses that are typically 
installed at LV feeder supply points. 
•  While the current anti-islanding protection schemes are in place there should not be 
any issues with reclosers in MV networks as all generation will disconnect upon de-
energisation of the network. 
Harmonic distortion 
Results of this study indicate that the impacts of harmonic currents introduced by inverters 
are very reliant on the conditions at their PCC as to be expected. As modelled the 
networks have significant harmonic distortion already due to the presence of electronic 
loads. The inclusion of inverters with harmonic currents that are equivalent to the AS4777 
maximums can push voltage THD above acceptable limits when ICG penetration is in the 
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order of 100%. While the study attempts to include the impacts of variations in load it 
remains to be seen whether increases in power electronic loads will have more of an 
impact than grid-connected inverters. 
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9 Conclusion 
Overall the DNIS has successfully developed base-case feeder models and projected 
appropriate generator installation rates onto them as required. Although there are many 
assumptions included in this process, they were validated with appropriate research 
channels and are contained herein. Thus the study has accurately represented its 
expectations of providing analysis of the impacts of the widespread uptake of a variety of 
embedded generation technologies under two possible future scenarios. 
The key conclusions of the study are as follows: 
•  Embedded generation is of benefit in reducing network losses and improving 
voltage profiles. 
•  Embedded generation is of some value in postponing network upgrades where 
thermal limits are a critical factor, although attention must be given to the effective 
capacity contribution under peak loading conditions. Network upgrades may be 
necessary in any case due to reliability considerations (number of connected 
customers), but depending on EG characteristics it may be possible to upgrade 
feeders with lighter conductors than would otherwise be necessary. 
•  Under the investigated scenarios to 2050, embedded generation is unlikely to pose 
widespread issues with fault current capacity of existing equipment, or to raise 
issues with protection coordination through displacement of conventional 
generation leading to reduced fault levels. 
•  The potential for embedded generation to create reversed power flows around 
distribution networks is limited to times of minimum load. While it is evident that 
power flows will reverse within the network the potential for reversal through 
directional protection equipment at zone substations is very limited. 
•  Harmonic emissions from grid connected inverters are expected, but are unlikely to 
result in harmonic distortion on feeders in excess of regulatory limits. 
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10 Recommendations 
In light of the intentions of this study and its position within the Embedded Generation 
Value Proposition the following recommendations are made to Distribution Network 
Service Providers. 
•  The current protocols for generators connecting to medium voltages should remain in 
place. However, given the projected increases in EG it would be advised that the 
connection process maintain a consideration for additional EG to connect either by 
allowing for this capacity or by aggregating connection application processes for 
multiple generators where possible. 
•  Modelling indicates that large PV penetrations can have an effect on the power factor 
at a feeder supply point. Given current inverter technologies there may be a need to 
offset this poor power factor with reactive support equipment. Alternatively, it may be 
worthwhile to lobby regulatory bodies to ensure that future grid connected inverters 
utilise the capacity for reactive power support which is now only available to state of 
the art inverters. Economics may play a significant role here in the future. 
•  It will become increasingly important under high EG penetrations for DNSPs have 
access to information on the exact locations, capacities and technologies of all EG on 
their networks. Some of the reasons for this include the development of generalised 
understandings of the impacts of EG through experience, monitoring of the impacts of 
EG on network reinforcements and maintaining an understanding of the feeder’s ability 
to meet ‘black-start’ loads. 
•  The development of some form of standardised ‘scheduling’ communications channel 
is recommended. Both to make the owner of schedulable plant understand the benefits 
of this mode of operation and to ensure that DNSPs are able to meet peak demand 
with peak generation. ‘Smart’ metering may be able to provide such functionality. 
Correspondingly, if the future of embedded generation is similar to that as projected by 
the EM scenario, it would be advised to create a format under which a feeder’s load 
profile determines an advised PV module orientation. This would maximise the benefits 
on PV generation by meeting the load more effectively. 
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Appendix A  Distribution Feeder 2008 Model Characteristics 
A.1  Feeder 1 base-case characteristics 
Physical characteristics   
Predominant load  Est. urban commercial (~73%) and residential (~27%) 
Three phase load component  100% 
Single phase load component  0% 
Approximate main feeder length  5km 
Total installed line length  9.4km 
Feeder make up  185mm Al. 3 core cab. (~70%), 19/.083 Cu. OHL (~25%), 
mixture OHL and Cable (~5%) 
Number of loads  26 
Maximum single load  2x1.1MW in the shopping centre 
Average load  0.3MW  
Load power factor  0.9 lagging 
Operating points   
Infeed voltage set point  1.02pu (22.44kV) 
Infeed three phase fault level  7kA 
Minimum voltage at maximum 
loading  1.01pu (22.22kV) 
Infeed voltage adjustment  No 
Peak loading (MVA)  11.4MVA 
Peak loading (MW)  10.5MW 
Peak loading (MVAr)  4.3MVAr 
Peak loading (Amps)  299A 
Power factor of peak load  0.9 (lagging) 
Time of peak loading  ~5.30 pm 
Duration of peak loading  6 hours (>250A) 
Maximum line loading  91.0% 
Minimum loading (MVA)  2.9MVA 
 
 
                  ENG450 Internship Project, Final Draft: Distribution Network Impact Studies – Butler, T.                                                      Page 76 of 106  
 
 
Minimum loading (MW)  2.6MW 
Minimum loading (MVAr)  1.3MVAr 
Minimum loading (Amps)  75A 
Power factor of minimum load  0.9 (lagging) 
Time of minimum loading  5.00 am 
Duration of minimum loading  7.5 hours (<100A) 
Notable issues  None 
Peak day load profile 
 
Figure 42: Feeder 1 load profile under maximum summer load (Amps). 
 
As is made evident in Figure 42 the peak day load profile for Feeder 1 offers a typical 
representation of a commercial load by its large single peak during working hours and a 
sharp increase at 7.30am and decrease 5.30pm which is coincidental with large air 
conditioning loads in commercial buildings. 
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Peak load voltage profile 
 
Figure 43: Feeder 1 voltage profile under maximum summer load. 
A.2  Feeder 2 base-case characteristics 
The urban ‘established residential’ feeder component of the DNIS is represented by 
Feeder 2. It consists of 25km of predominately OHL with the inclusion of some 
underground cabling. Loads along the first half of the feeder are residential in nature while 
along the second half they become a mixture of commercial and residential along with 
some large industrial contribution. The extremities of Feeder 2 also support the largest 
single load on the feeder as required by a quarry (2.9MVA). 
Physical characteristics   
Feeder supplying  Est. urban commercial & industrial (~57%), residential (~43%) 
Three phase load component  100% 
Single phase load component  0% 
Approximate main feeder 
length  9.0km 
Total installed line length  25.1km 
Feeder make up  6/0.186 7/0.062 ACSR/GZ (~50%), 7/4.75 AAC (~11%), 
19/3.25 AAC (~9%), mixture OHL and Cable (~30%) 
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Number of loads  82 
Maximum single load  2.6MW 
Average load  0.1MW 
Load power factor  0.9 lagging 
Operating points 
Infeed voltage set point  1.02pu (22.44kV) 
Infeed three phase fault level  7kA 
Minimum voltage at maximum 
loading  0.98pu (21.59kV) 
Infeed voltage adjustment  No 
Peak loading (MVA)  10.5MVA 
Peak loading (MW)  9.4MW 
Peak loading (MVAr)  4.7MVAr 
Peak loading (Amps)  271A 
Power factor of peak load  0.9 (lagging) 
Time of peak loading  ~2:30 pm 
Duration of peak loading  4 hours (>250A) 
Maximum line loading  93.2% 
Minimum loading (MVA)  2.3MVA 
Minimum loading (MW)  2.1MW 
Minimum loading (MVAr)  1.0MVAr 
Minimum loading (Amps)  60A 
Power factor of minimum load  0.9 (lagging) 
Time of minimum loading  4:00 am 
Duration of minimum loading  6 hours (<100A) 
Issues Noted  Some OHL operating in the thermal range >90% of capacity 
(13 cases) 
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Peak day load profile 
 
Figure 44: Feeder 2 load profile under maximum summer load (Amps) 
 
The load characterised by the profile shown in Figure 44 is typical of that of a commercial 
and industrial mixed load by the low overnight demand and the peak coinciding with 
standard working hours, with the small dip in demand during the lunch hour of 12-1pm. 
Along with this a large spike is noticeable at 6am which is representative of a single, large 
three phase load of ~45A per phase or 1.8MVA which then appears to be disconnected 
again at 4pm. As Feeder 2 supplies a quarry this is most likely to be a result of some large 
plant being operated there during summer working hours. 
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Peak load voltage profile 
 
Figure 45: Feeder 2 voltage profile under maximum summer load 
A.3  Feeder 3 base-case characteristics 
Physical characteristics   
Feeder supplying  Greenfield: ~70% new residential, ~30% semi-rural 
Three phase load component  ~75% 
Single phase load component  ~25% 
Approximate main feeder 
length 
24.4km (three phase section) 
Total installed line length  75.2km 
Feeder make up  3/12 Sc Az (~35%), 3/2.75 Sc Az (~26%), 19/3.25 AAC 
(~11%), 7/2.5 AAC (~5%) and mixed OHL & cable (~23%) 
Number of loads  171 
Maximum single load  297kW 
Average load  15.4kW 
Load power factor  0.9 lagging 
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Number of SWER 
transformers 
5 
Operating points   
Infeed voltage set point  1.02pu (22.44kV) 
Infeed three phase fault 
level  7kA 
Minimum voltage at maximum 
loading  0.97pu (SWER section: 12.32kV) 
Infeed voltage adjustment  No 
Peak loading (MVA)  3.5MVA 
Peak loading (MW)  3.2MW 
Peak loading (MVAr)  1.5MVAr 
Peak loading (Amps)  Red: 91.8A, White: 83.2A, Blue: 81.5A 
Power factor of peak load  0.9 (lagging) 
Time of peak loading  6:30 pm 
Duration of peak loading  6.5 hours (red phase > 80A) 
Maximum line loading  98% (240m of SWER OHL - Tx001) 
Minimum loading (MVA)  0.9 MVA 
Minimum loading (MW)  0.8 MW 
Minimum loading (MVAr)  0.4 MVAr 
Minimum loading (Amps)  Red: 23.0A, White: 20.8A, Blue: 23.4A 
Power factor of minimum load  0.9 (lagging) 
Time of minimum loading  5.30 am 
Duration of minimum loading  10.5 hours (all phases < 40A) 
Number of SWER 
transformers  5 
SWER transformer 
characteristics and 
assumptions 
500kVA and 100kVA, alternating phases for feeder balance, 
fixed tap: -4, +2 @ 1.25%/tap. Optimally adjusted under peak 
load conditions only. 
Issues noted  High loading on some SWER. Will need attention. 
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Peak day load profile 
 
Figure 46: Feeder 3 load profile under maximum summer load (Amps) 
 
The load profile presented by the recording equipment at the Feeder 3 zone substation is 
typical of that of a semi-rural load. Particular attention should be paid to the phase 
unbalance imposed on the network by the incorporation of a large amount of SWER in 
Feeder 3. The overall low loading on the feeder could indicate that the majority of the 
loads connected are residential by nature and there is little commercial or industrial 
usage of Feeder 3, however, as the data was recorded on a Sunday this assumption may 
not be valid. The gradual increase over the day to a 6.25pm peak followed by a small dip 
and then a steep decrease between 8 pm and 11pm is closely representative of the 
movements of people at home on a Sunday. 
It can be expected that over the study period the load curve shown in Figure 46 will 
change drastically and in the year 2050 it may appear to have more in common with that 
of Feeder 1 than the profile shown above. 
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Peak load voltage profile 
 
Figure 47: Feeder 3 voltage profile under maximum summer load. 
A.4  Feeder 4 base-case characteristics 
Physical characteristics   
Feeder supplying  Rural: 100% 
Three phase component  ~85% 
Single phase component  ~15% 
Approximate main feeder 
length  80km (three phase section) 
Total installed line length  415km 
feeder make up  3/2.75 Sc Az (~50%), 3/12 Sc Az (~10%), 19/3.25 AAC (~10%), 
6/1/0.093 ACSR/GZ (~5%) and mixed OHL (~25%) 
Number of loads  664 
Maximum single load  668kW (unknown) 
Average load  14.4kW 
Load power factor  0.9 lagging 
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Number of SWER 
transformers  7 
Number of voltage reg. 
transformers  3 
Operating Points 
Infeed voltage set point  1.04pu (22.88kV) 
Infeed three phase fault 
level  7kA 
Minimum voltage at 
maximum loading  0.91pu 
Infeed voltage adjustment  No 
Peak loading (MVA)  11.0 MVA 
Peak loading (MW)  9.1 MW 
Peak loading (MVAr)  6.1 MVAr 
Peak loading (Amps)  276A 
Power factor of peak load  0.9 (lagging) 
Time of peak loading  1:15 am 
Duration of peak loading  4 hours (> 210A) 
Maximum line loading  74.5% (based on the Autumn daytime peak as this exceeds the 
summer daytime peak load on the feeder) 
Minimum loading (MVA)  4.9 MVA 
Minimum loading (MW)  4.3 MW 
Minimum loading (MVAr)  2.4 MVAr 
Minimum loading (Amps)  124A 
Power factor of minimum 
load  0.9 (lagging) 
Time of minimum loading  9:45 pm 
Duration of minimum loading  12.5 hours (< 150A) 
Number of SWER 
transformers  7 
SWER transformer 
characteristics and 
assumptions 
100kVA, and 50kVA D/YN (+30), alternating phases for feeder 
balance, fixed tap: -4, +2 @ 1.25%/tap 
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Number of regulating 
transformers  3 
Regulating transformer 
characteristics and 
assumptions 
YN/YN, Voltage set points at 1.04pu, TC: -15, +15 @ 1%/tap 
Load profiles 
Feeder 4 Summer Daily Load Profile (sample: 18/1/08)
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Figure 48: Feeder 4 load profile under maximum summer load. 
 
Feeder 4 Autumn Daily Load Profile (sample: 17/3/08)
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Figure 49: Feeder 4 load profile under minimum peak load conditions. 
 
The daily load profiles shown in Figure 48 and Figure 49 offer a very good representation 
of a mainly residential load by its classic ‘two humped’ characteristic. One notable 
characteristic which is not representative in any of the other feeders used in the study is 
that of the impact of off-peak water heating operating over night. This fact is highlighted 
on this feeder by the assumed lack of gas distribution in the region which places water 
heating heavily onto electrical energy. Further consideration must be given to the fact that, 
while not exceeding the off-peak water heating occurring in summer, the highest daytime 
peak in load is in fact occurring in Autumn. 
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Peak load voltage profile 
  
Figure 50: Feeder 4 voltage profile under maximum summer load showing SWER sections 
and the impacts on the voltage profile of OLTC regulating transformers. 
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Appendix B  Embedded Generation 
Appendix B defines and describes the generation technology mix considered in the EGVP 
study. Section B.1 describes the generators themselves and some of their characteristics 
and Sections B.2 and B.3 then outline the generator installation rates under the BAU and 
EM scenarios respectively, as provided by the CSIRO model. 
B.1  Embedded generator technology mix 
Table 9 identifies the types of generation considered in the DNIS along with its category 
and primary fuel source. 
Gen. 
Type 
Installatio
n location 
Generator 
capacity 
(MW) 
Generator 
category 
PCC 
nominal 
voltages 
Resource 
Network support function 
(potential network support 
function) 
Gas 
Combined 
Cycle 
CHP 
comm. & 
services  0.5 Sync.  MV  LNG 
Limited support if operated 
according to thermal load, 
frequency and voltage support 
if according to electrical load 
Gas 
Combined 
Cycle 
CHP 
industrial 10  Sync.  MV  LNG 
Limited support if operated 
according to thermal load, 
frequency and voltage support 
if according to electrical load 
Gas 
Micro-
Turbine 
CHP 
comm. & 
services  0.03 Sync.  LV LNG 
Limited support if operated 
according to thermal load, 
frequency and voltage support 
if according to electrical load 
Biomass 
CHP  industrial 30  Sync.  MV biomass 
Limited support if operated 
according to thermal load, 
frequency and voltage support 
if according to electrical load 
PV residential  0.0015  ICG  LV  solar 
radiation 
None – passive interaction only 
(Harmonic filtering, voltage 
control via adjustable reactive 
power output, UPS and grid 
stabilisation via buffering) 
PV rural  0.0015  ICG  LV  solar 
radiation 
None – passive interaction only 
(Harmonic filtering, voltage 
control via adjustable reactive 
power output, UPS and grid 
stabilisation via buffering) 
PV  comm. & 
services  0.04 ICG  LV  solar 
radiation 
None – passive interaction only 
(Harmonic filtering, voltage 
control via adjustable reactive 
power output, UPS and grid 
stabilisation via buffering) 
Diesel 
Engines  residential 0.005  Sync.  LV  diesel  fuel 
Flexible frequency and voltage 
support via adjustable power 
flow via fuel regulator 
Diesel 
Engines  rural 0.005  Sync.  LV  diesel  fuel 
Flexible frequency and voltage 
support via adjustable power 
flow via fuel regulator 
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Diesel 
Engines 
comm. & 
services  0.05 Sync.  LV  diesel  fuel 
Flexible frequency and voltage 
support via adjustable power 
flow via fuel regulator 
Diesel 
Engines  industrial 5  Sync. MV  diesel  fuel 
Flexible frequency and voltage 
support via adjustable power 
flow via fuel regulator 
Micro-
wind  residential 0.001  ICG  LV  wind 
Harmonic filtering, voltage 
control via adjustable reactive 
power output 
Micro-
wind  rural 0.001  ICG  LV  wind 
None – passive interaction only 
(Harmonic filtering, voltage 
control via adjustable reactive 
power output, UPS and grid 
stabilisation via buffering) 
Micro-
wind 
comm. & 
services  0.02 ICG  LV  wind 
None – passive interaction only 
(Harmonic filtering, voltage 
control via adjustable reactive 
power output, UPS and grid 
stabilisation via buffering) 
Biogas 
Rec. 
Engines 
comm. & 
services  0.5 Sync.  MV  biogas  Flexible frequency and voltage 
support if variable fuel source  
Table 9: Generator technology mix applied to the DNIS. 
 
Photovoltaic generators 
Photovoltaic (PV) arrays consist of several modules structurally supported and combined 
to form a DC generator which is in turn interfaced with the AC grid via an inverter. PV 
modules generate electricity directly from solar radiation via the transfer of energy from 
the lights photons to electrons contained within a specifically doped P-N junction. Hence, 
the power generated from a PV array is closely related to its rated power and the solar 
irradiance incident on its surface. The irradiance incident on the modules is at its most 
effective when falling perpendicularly, however, it is reliant on a broad range of aspects, 
including: cloud cover; the atmospheres clearness indices and the thickness of the 
atmosphere traversed by the solar irradiation, and; the orientation and tilt angle of the 
modules in relation to the equator and latitude respectively. Further to this PV arrays can 
remain fixed or be attached to single axes or heliostat solar tracking devices that 
maximise the irradiance incident on them. While the energy production from PV arrays is 
always variable in nature due to the inability to generate overnight, peak generation 
occurs at solar noon (the time of the day when the sun crosses the north-south 
hemispherical axis) which gives PV a major advantage in its ability to closely match 
patterns in electricity consumption due to human behaviour as shown by the normalised 
comparison of the solar radiation for a clear day in Sydney and a typical urban peak day 
load profile in Figure 51. 
Combined heat and power generators 
Combined heat and power (also known as combined cycle) plant is installed where there 
is a clear need for useful heat. In such plant a means to markedly improve the overall 
efficiency can be found either by using the waste heat from the electricity generation (by-
product heat generation) or, alternatively, where high temperature useful heat is required, 
electricity generation may be a by-product of the thermal process (by-product electricity 
generation). In either case, substantial improvements can be made to the overall plant 
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efficiency and it is not unusual for CHP plant to reach efficiencies in the order of 80-90% 
which is particularly the case for reciprocating engines (spark ignition or diesel) and gas 
micro-turbines (typically by-product heat generation plant with electrical outputs in the 
range of 30kW to 1MW. As the primary purpose of the plant is the generation of useful 
heat often in the form of steam or hot water, electricity generation will accordingly occur 
when this heat is being utilised. Hence, industrially or commercially installed industrial 
CHP plant may match loads very closely while domestic plant will tend to generate at 
colder periods and often overnight when loads are low. In the context of embedded 
generation CHP plant may include synchronous or induction generators that have the 
capacity to provide support to the network in the form of voltage and frequency control via 
traditional methods. 
 
Normalised Recorded Solar Radiation (13 day average) in Sydney in February Compared to a Typical 
Peak Day Load Profile
0.00
0.20
0.40
0.60
0.80
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1 2 3 4 5 6 7 8 91 01 11 21 31 41 51 61 71 81 92 02 12 22 32 4
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Solar Radiation (H/Hmax)
Load (P/Pmax)
 
Figure 51: Typical peak day load profile compared to an example of the solar radiation 
incident on an optimally tilted (latitude angle) fixed plane in Sydney in February 
(solar time = EST - 2hrs). 
 
Diesel generators 
Diesel generators are considered to have characteristics that are well matched for 
providing good electrical output in terms of their relatively low running costs and high 
reliability. They consist of an internal combustion engine which is directly coupled to the 
rotor of a well matched electrical generator. Their high reliability often sees them installed 
for the purpose of back-up generators or incorporated into uninterruptible or stand-alone, 
battery-based, power supplies. The provide all of the support characteristics of any 
rotating generator in the form of voltage and frequency regulation through reactive power 
and fuel regulation and are sized to match the electrical load as required. In the context of 
EG an advantage has been found in Sydney’s CBD in coupling existing stand-by diesel 
generators in hospitals to the grid in order to provide a parallel supply during peak 
demand periods [55]. 
Micro-wind generators 
Micro scale wind turbines provide an inherently variable source of electricity which cannot 
generate with any correlation to load profiles. They are coupled to the grid via inverters in 
the same manner as PV arrays and when installed in numbers spread with significant 
geographic distribution are thought to be subject to a smoothing effect seen in their 
aggregated output. 
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Bio-gas reciprocating generators 
Biogas reciprocating engines utilise the gas produced by the biological breakdown of 
organic matter in the absence of oxygen in there internal combustion process. The biogas 
is often produced from landfill or from anaerobic digestion of energy crops or waste. While 
subject to a constant fuel supply, the fuel flow can be adjusted in order to provide the 
same grid support as any other internal combustion generator incorporating a 
synchronous or induction alternator. When biogas availability is not constant, as is the 
case for landfill gas, grid support can be achieved by storing of excess gas when it is 
available and then supplementing low fuel periods with this stored fuel. 
B.2  Generation growth – BAU scenario 
2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined 
cycle CHP
comm. & 
services (0.5) 855 662 512 793 1778 2726 3791 5032 7113
Gas combined 
cycle CHP industrial (10) 41 150 474 711 677 664 678 712 750
Gas micro 
turbine CHP
comm. & 
services (0.03) 0 2084 3833 4837 5047 5415 6086 6933 5738
Biomass CHP industrial (30) 1619 1451 1353 1141 985 877 817 794 773
Solar PV
residential 
(0.0015) 42 106 262 440 803 1268 1957 2516 3449
Solar PV rural (0.0015) 70 130 218 481 786 1113 1527 2051 2673
Solar PV
comm. & 
services (0.04) 10 41 58 93 217 468 856 1353 1963
Diesel engines
residential 
( 0 . 0 0 5 ) 013469 1 1 1 6 1 2
Diesel engines rural (0.005) 132 126 158 171 185 161 131 114 102
Diesel engines
comm. & 
services (0.05) 666666666
D i e s e l  e n g i n e si n d u s t r i a l  ( 5 ) 000000000
Micro wind
residential 
(0.001) 0 0 12 25 50 78 116 116 120
Micro wind rural (0.001) 1 1 5 25 47 66 86 108 125
Micro wind
comm. & 
services (0.02) 00008 2 5 5 2 8 1 1 0 7
Biogas rec. 
engines
comm. & 
services (0.5) 370 360 370 360 367 370 370 370 370
Cumulative Installed Capacity (MW) at Five-Year Intervals
Generator Type
Installation 
Location (MW)
 
Table 10: Cumulative installed capacity (MW) at five-year intervals from 2010 to 2050 by 
generator type, for the projected BAU scenario as provided by CSIRO. 
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B.3  Generation growth – EM scenario 
2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined 
cycle CHP
comm. & 
services (0.5) 856 1166 1420 1099 850 658 509 394 306
Gas combined 
cycle CHP industrial (10) 0 0 252 384 490 598 506 392 303
Gas micro 
turbine CHP
comm. & 
services (0.03) 0 1073 948 671 475 337 238 169 119
Biomass CHP industrial (30) 1634 1667 2230 2357 1899 1552 1293 1102 954
Solar PV
residential 
(0.0015) 42 136 1672 2697 3906 5779 8010 10481 12683
Solar PV rural (0.0015) 70 153 736 1049 1558 2243 3043 3931 4730
Solar PV
comm. & 
services (0.04) 10 58 1479 2724 4178 6138 8260 10518 12483
Diesel engines
residential 
( 0 . 0 0 5 ) 000000000
Diesel engines rural (0.005) 92 92 149 153 160 167 176 183 190
Diesel engines
comm. & 
services (0.05) 666666666
D i e s e l  e n g i n e si n d u s t r i a l  ( 5 ) 000000000
Micro wind
residential 
( 0 . 0 0 1 ) 04 8 1 5 1 2 4 7 2 2 0 1 3 07 74 52 7
Micro wind rural (0.001) 85 85 37 14 72 81 61 0 6
Micro wind
comm. & 
services (0.02) 1 1 137 238 268 208 161 125 97
Biogas rec. 
engines
comm. & 
services (0.5) 370 359 368 363 331 260 201 156 126
Cumulative Installed Capacity (MW) at Five-Year Intervals
Generator Type
Installation 
Location (MW)
 
Table 11: Cumulative installed capacity (MW) at five-year intervals from 2010 to 2050 by 
generator type, for the EM scenario as provided by CSIRO. 
B.4  Generator modelling strategy 
In order to model the EG for this study in PowerFactory
TM, the characteristics of each 
generation type and location have been based on the discussion of Section 6.2. Table 12 
summarises the active and reactive power assumed for each generation type and location 
used in the model. All SMGs are assumed to have a power factor of 0.9 (inductive), equal 
to that of the load as they are assumed to be installed in order to offset a customer’s load 
exactly, such that that the power factor of the revised load does not change (see Table 13 
for example calculation). All ICGs are assumed to have a power factor of 1.0, as they 
cannot provide reactive support as described in Section 6.2.2. Any generator with a rating 
less than or equal to 5kW is assumed to be connected to a single phase while generators 
rated above 5kW are connected across all three phases.  
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Gas combined 
cycle CHP
comm. & 
services 3Ph. 500 242 0.9
Gas combined 
cycle CHP industrial 3Ph. 10000 4843 0.9
Gas micro turbine 
CHP
comm. & 
services 3Ph. 30 15 0.9
Biomass CHP industrial 3Ph. 30000 14530 0.9
Solar PV residential 1Ph. 1.5 0 1
Solar PV rural 1Ph. 1.5 01
Solar PV
comm. & 
services 3Ph. 40 0 1
Diesel engines residential 1Ph. 5 2 0.9
Diesel engines rural 1Ph. 5 2 0.9
Diesel engines
comm. & 
services 3Ph. 50 24 0.9
Diesel engines industrial 3Ph. 5000 2422 0.9
Micro wind residential 1Ph. 1 0 1
Micro wind rural 1Ph. 1 01
Micro wind
comm. & 
services 3Ph. 20 0 1
Biogas rec. 
engines
comm. & 
services 3Ph. 500 242 0.9
Generator Type
Installation 
Location
Active Power 
(kW)
Phases (1Ph. or 
3Ph.)
Reactive Power 
(kVar)
Power Factor 
(Inductive)
 
Table 12: Active and reactive power generation by generator type and location. 
 
Based on the embedded generation growth scenarios (Table 10 and Table 11), the 
amount of generation for each feeder and year was calculated (Appendix C). For each 
22kV network, the embedded generation was modelled by appropriately adjusting each 
load on the network individually. As each load represents a MV/LV distribution transformer 
supplying a LV network, several EG units can be installed for a given load. Each load is 
then recalculated for P and Q for each scenario based on its generation and prior load 
value.  
Table 13 shows example calculations for three loads on the 22kV network with EG. The 
Padd and Qadd figures are calculated based on Table 12. Pinitial and Qinitial are based on the 
base case model for that particular feeder and year (Section 6.3.1). Pnew and Qnew are 
calculated by simply subtracting the embedded generation (Padd and Qadd) from the load 
(Pinitial and Qinitial). They are then entered into the 22kV PowerFactory
TM model for the 
relevant scenario. 
 
Load Location Gen Unit No. P_add Q_add P_initial Q_initial PF_initial P_new Q_new PF_new
lod_137_1 Residential PV 3 4.5 0.0 2.4 1.2 0.90 -2.1 1.2 -0.88
lod_178_1 Residential Diesel Engine 1 5 2.0 356.4 172.6 0.90 351.4 170.6 0.90
lod_22_1 Residential PV 2 7.5 0.0 3.7 1.8 0.90 -3.8 1.8 -0.90  
Table 13: Example calculations of active and reactive power for three residential loads on a 
22kV network model. Units for active power are in kW and reactive power in kVAr. 
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Where EG penetrations at the LV level exceed 100% the MV load is represented to the 
network as a negative load which then delivers power to the network according to the type 
of generation connected. The addition of ICGs changes the power factor of the load, 
making it more inductive, as the embedded generation supplies active power but not 
reactive power. The addition of SMGs does not change the power factor of the load. For 
the 22kV network, the number of single phase generators is assumed to be evenly 
distributed across the three phases, with the exception of the SWER network, given the 
large number of single phase units installed. 
Analysis which considers the LV feeder models considers loads and generator 
installations on individual phases (Appendix D). Modelled EG penetrations and 
technologies are dependant on the type of analysis being conducted. Modelling of PV 
systems includes the use of built-in PowerFactory
TM current controlled inverter models 
supplied by 200V DC voltage sources. Synchronous machines are using standard models 
with characteristic details given explicitly for relevant analysis. 
In all studies EG is initially modelled at peak generation in order to assess the worst case 
scenario. Deviations from this operating point are considered with the application of 
availability factors in order to assess variations in generation. Further sensitivity analysis 
is conducted explicitly. 
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Appendix C  Embedded Generation Distribution Model Data 
As described in Section 6.3.2 the generator dispersion model derived generator 
installation rates by sector and study year for each feeder. Appendix C details the model 
outputs and, hence, the generators applied to each sector in each MV feeder by year. 
C.1  Feeder 1 EG distribution model data 
Year 2010 2015 2020 20
110 112346
27 51 65 67 73 82 95 79
1 1 2 5 91 42 0
1122
5450.0 6210.0
4 10 25 42 76 122 188 245 337
2 4 71 11 71 71 8
Feeder 1 BAU Scenario
25 2030 2035 2040 2045 2050
Total Installed kW 506.0 1325.0 1609.5 2557.0 2711.0 3604.0 4639.0 5834.5 6733.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0391% 0.0393% 0.0396% 0.0403% 0.0401% 0.0405% 0.0405% 0.0411% 0.0413%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5
Gas micro turbine CHP comm. & services 0.03 0
Solar PV comm. & services 0.04 0 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0 0 0 0
B i o g a s  r e c .  e n g i n e s c o m m .  &  s e r v i c e s 0 . 5000 000000
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 500.0 500.0 0.0 500.0 500.0 1000.0 1500.0 2000.0 3000.0
Gas micro turbine CHP comm. & services 0.03 0.0 810.0 1530.0 1950.0 2010.0 2190.0 2460.0 2850.0 2370.0
Solar PV comm. & services 0.04 0.0 0.0 40.0 40.0 80.0 200.0 360.0 560.0 800.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 0.0 0.0 20.0 20.0 40.0 40.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 500.0 1310.0 1570.0 2490.0 2590.0 3410.0 4340.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0139% 0.0139% 0.0141% 0.0143% 0.0142% 0.0144% 0.0144% 0.0146% 0.0147%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 6.0 15.0 37.5 63.0 114.0 183.0 282.0 367.5 505.5
Diesel engines residential 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.0 0.0 2.0 4.0 7.0 11.0 17.0 17.0 18.0
Total kW installed 6.0 15.0 39.5 67.0 121.0 194.0 299.0 384.5 523.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P i n d u s t r i a l 1 0000 000000
B i o m a s s  C H P i n d u s t r i a l 3 0000 000000
D i e s e l  e n g i n e s i n d u s t r i a l 5000 000000
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D i e s e l  e n g i n e s i n d u s t r i a l 50 . 00 . 00 . 0 0 . 00 . 00 . 00 . 00 . 00 . 0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0 0 0 0 0 0 0 0 0
Diesel engines rural 0.005 0 0 0 0 0 0 0 0 0
Micro wind rural 0.001 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines rural 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind rural 0.001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Installation Projections - Rural
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Commercial and Services
 
Figure 52: Feeder 1 embedded generation installation data for the BAU scenario. 
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Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Total Installed kW 506.0 986.5 1806.5 2370.5 3047.5 4060.0 4674.5 5977.0 7122.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0391% 0.0393% 0.0396% 0.0403% 0.0401% 0.0405% 0.0405% 0.0411% 0.0413%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 11 111100
14 13 9 6 5 3 2 2
1 1 52 74 26 28 41 0 81 2 9
35543 3 2
5260.0
4 13 157 257 371 554 769 1020 1239
7 2 13 53 11 91 1 7 4
Feeder 1 EM Scenario
0
Gas micro turbine CHP comm. & services 0.03 0
Solar PV comm. & services 0.04 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0
Biogas rec. engines comm. & services 0.5 0 0 0 0 0 0 0 0 0
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 500.0 500.0 500.0 500.0 500.0 500.0 0.0 0.0 0.0
Gas micro turbine CHP comm. & services 0.03 0.0 420.0 390.0 270.0 180.0 150.0 90.0 60.0 60.0
Solar PV comm. & services 0.04 0.0 40.0 600.0 1080.0 1680.0 2480.0 3360.0 4320.0 5160.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 60.0 100.0 100.0 80.0 60.0 60.0 40.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 500.0 960.0 1550.0 1950.0 2460.0 3210.0 3510.0 4440.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0139% 0.0139% 0.0141% 0.0143% 0.0142% 0.0144% 0.0144% 0.0146% 0.0147%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 6.0 19.5 235.5 385.5 556.5 831.0 1153.5 1530.0 1858.5
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.001 0.0 7.0 21.0 35.0 31.0 19.0 11.0 7.0 4.0
Total kW installed 6.0 26.5 256.5 420.5 587.5 850.0 1164.5 1537.0 1862.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0 0 0 0 0 0 0 0 0
Biomass CHP industrial 30 0 0 0 0 0 0 0 0 0
Diesel engines industrial 5 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0 0 0 0 0 0 0 0 0
Diesel engines rural 0.005 0 0 0 0 0 0 0 0 0
M i c r o  w i n d r u r a l 0 . 0 0 1 00 00000 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines rural 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind rural 0.001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Installation Projections - Commercial and Services
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Rural
 
Figure 53: Feeder 1 embedded generation installation data for the EM scenario. 
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C.2  Feeder 2 EG distribution model data 
Year 2010 2015 2020 202
1112
10 18 23 23 25 28 32 26
12357
11
6 14 36 60 108 170 260 333 452
1
2 5 10 16 23 23 24
Feeder 2 BAU Scenario
5 2030 2035 2040 2045 2050
Total Installed kW 9.0 321.0 596.0 785.0 902.0 1601.0 1873.0 2207.5 2782.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0145% 0.0141% 0.0141% 0.0140% 0.0139% 0.0138% 0.0137% 0.0137% 0.0136%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P c o m m .  &  s e r v i c e s 0 . 5000 00
Gas micro turbine CHP comm. & services 0.03 0
S o l a r  P V c o m m .  &  s e r v i c e s 0 . 0 4000 0
Diesel engines comm. & services 0.05000 000000
M i c r o  w i n d c o m m .  &  s e r v i c e s 0 . 0 2000 0000
B i o g a s  r e c .  e n g i n e s c o m m .  &  s e r v i c e s 0 . 5000 000000
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 500.0 500.0 500.0 1000.0
Gas micro turbine CHP comm. & services 0.03 0.0 300.0 540.0 690.0 690.0 750.0 840.0 960.0 780.0
Solar PV comm. & services 0.04 0.0 0.0 0.0 0.0 40.0 80.0 120.0 200.0 280.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.0 20.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 300.0 540.0 690.0 730.0 1330.0 1460.0 1680.0 2080.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0210% 0.0204% 0.0204% 0.0203% 0.0201% 0.0201% 0.0199% 0.0198% 0.0196%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005000 0000 0
Micro wind residential 0.001 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 9.0 21.0 54.0 90.0 162.0 255.0 390.0 499.5 678.0
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0
Micro wind residential 0.001 0.0 0.0 2.0 5.0 10.0 16.0 23.0 23.0 24.0
Total kW installed 9.0 21.0 56.0 95.0 172.0 271.0 413.0 527.5 702.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0079% 0.0077% 0.0076% 0.0076% 0.0075% 0.0075% 0.0075% 0.0074% 0.0074%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P i n d u s t r i a l 1 0000 000000
B i o m a s s  C H P i n d u s t r i a l 3 0000 000000
Diesel engines industrial 5000 000000
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
S o l a r  P V r u r a l 0 . 0 0 1 5000 000000
Diesel engines rural 0.005000 000000
M i c r o  w i n d r u r a l 0 . 0 0 1000 000000
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines rural 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind rural 0.001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Installation Projections - Industrial
Installation Projections - Commercial and Services
Installation Projections - Rural
Installation Projections - Residential
 
Figure 54: Feeder 2 embedded generation installation data for the BAU scenario. 
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Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Total Installed kW 9.0 188.5 711.5 1127.5 1488.5 2105.5 2778.0 3579.5 4225.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0145% 0.0141% 0.0141% 0.0140% 0.0139% 0.0138% 0.0137% 0.0137% 0.0136%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0 0 0 0 0 0 0 0 0
Gas micro turbine CHP comm. & services 0.03 0 5 43221 1 1
51 01 42 12 8 3 6 4 2
12211 1 1
6 19 227 365 523 773 1062 1387 1660
10 31 50 44 26 15 9 5
Solar PV comm. & services 0.04 0 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0
Biogas rec. engines comm. & services 0.5 0 0 0 0 0 0 0 0 0
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gas micro turbine CHP comm. & services 0.03 0.0 150.0 120.0 90.0 60.0 60.0 30.0 30.0 30.0
Solar PV comm. & services 0.04 0.0 0.0 200.0 400.0 560.0 840.0 1120.0 1440.0 1680.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 20.0 40.0 40.0 20.0 20.0 20.0 20.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 150.0 340.0 530.0 660.0 920.0 1170.0 1490.0 1730.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0210% 0.0204% 0.0204% 0.0203% 0.0201% 0.0201% 0.0199% 0.0198% 0.0196%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 9.0 28.5 340.5 547.5 784.5 1159.5 1593.0 2080.5 2490.0
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.001 0.0 10.0 31.0 50.0 44.0 26.0 15.0 9.0 5.0
Total kW installed 9.0 38.5 371.5 597.5 828.5 1185.5 1608.0 2089.5 2495.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0 0 0 0 0 0 0 0 0
Biomass CHP industrial 30 0 0 0 0 0 0 0 0 0
Diesel engines industrial 5 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0 0 0 0 0 0 0 0 0
Diesel engines rural 0.005 0 0 0 0 0 0 0 0 0
Micro wind rural 0.001 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines rural 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind rural 0.001 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Installation Projections - Commercial and Services
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Rural
Feeder 2 EM Scenario
 
Figure 55: Feeder 2 embedded generation installation data for the EM scenario. 
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C.3  Feeder 3 EG distribution model data 
Year 2010 2015 2020 20
111
1 5 81 01 11 41 51 2
1123
4 12 52 117 258 438 709 893 1192
11121
41 02 44 06 36 26 2
2 4 12 35 70 106 153 201 255
113 455433
3 6 91 31 61 8
Feeder 3 BAU Scenario
25 2030 2035 2040 2045 2050
Total Installed kW 14.0 59.0 265.0 501.0 852.0 1265.0 2354.0 2774.0 3250.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0016% 0.0021% 0.0037% 0.0049% 0.0059% 0.0063% 0.0067% 0.0065% 0.0063%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0 0 0 0 0 0
Gas micro turbine CHP comm. & services 0.03 0
S o l a r  P V c o m m .  &  s e r v i c e s 0 . 0 4000 00
D i e s e l  e n g i n e s c o m m .  &  s e r v i c e s 0 . 0 5000 000000
M i c r o  w i n d c o m m .  &  s e r v i c e s 0 . 0 2000 000000
B i o g a s  r e c .  e n g i n e s c o m m .  &  s e r v i c e s 0 . 5000 000000
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 500.0 500.0 500.0
Gas micro turbine CHP comm. & services 0.03 0.0 30.0 150.0 240.0 300.0 330.0 420.0 450.0 360.0
Solar PV comm. & services 0.04 0.0 0.0 0.0 0.0 0.0 40.0 40.0 80.0 120.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 30.0 150.0 240.0 300.0 370.0 960.0 1030.0 980.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0135% 0.0171% 0.0300% 0.0401% 0.0481% 0.0517% 0.0544% 0.0532% 0.0518%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0
Micro wind residential 0.001 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 6.0 18.0 78.0 175.5 387.0 657.0 1063.5 1339.5 1788.0
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 5.0 5.0 5.0 10.0 5.0
Micro wind residential 0.001 0.0 0.0 4.0 10.0 24.0 40.0 63.0 62.0 62.0
Total kW installed 6.0 18.0 82.0 185.5 416.0 702.0 1131.5 1411.5 1855.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P i n d u s t r i a l 1 0000 000000
B i o m a s s  C H P i n d u s t r i a l 3 0000 000000
D i e s e l  e n g i n e s i n d u s t r i a l 5000 000000
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0037% 0.0047% 0.0083% 0.0111% 0.0133% 0.0143% 0.0150% 0.0147% 0.0143%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015
Diesel engines rural 0.005
Micro wind rural 0.001 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 3.0 6.0 18.0 52.5 105.0 159.0 229.5 301.5 382.5
Diesel engines rural 0.005 5.0 5.0 15.0 20.0 25.0 25.0 20.0 15.0 15.0
Micro wind rural 0.001 0.0 0.0 0.0 3.0 6.0 9.0 13.0 16.0 18.0
Installation Projections - Industrial
Installation Projections - Commercial and Services
Installation Projections - Rural
Installation Projections - Residential
 
Figure 56: Feeder 3 embedded generation installation data for the BAU scenario. 
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Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Total Installed kW 14.0 77.5 691.5 1487.5 2507.0 3858.0 5491.0 6884.5 8088.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0016% 0.0021% 0.0037% 0.0049% 0.0059% 0.0063% 0.0067% 0.0065% 0.0063%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0 0 0 0 0 0 0 0 0
Gas micro turbine CHP comm. & services 0.03 0 1 11111
136 1 0 1 41 7 2 0
1111
4 16 334 720 1252 1994 2903 3718 4381
8 45 99 106 67 42 24 14
3058.0 4396.
00
Solar PV comm. & services 0.04 0 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0 0 00
Biogas rec. engines comm. & services 0.5 0 0 0 0 0 0 0 0 0
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gas micro turbine CHP comm. & services 0.03 0.0 30.0 30.0 30.0 30.0 30.0 30.0 0.0 0.0
Solar PV comm. & services 0.04 0.0 0.0 40.0 120.0 240.0 400.0 560.0 680.0 800.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 20.0 20.0 20.0 20.0 0.0 0.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 30.0 70.0 170.0 290.0 450.0 610.0 680.0 800.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0135% 0.0171% 0.0300% 0.0401% 0.0481% 0.0517% 0.0544% 0.0532% 0.0518%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 6.0 24.0 501.0 1080.0 1878.0 2991.0 4354.5 5577.0 6571.5
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.001 0.0 8.0 45.0 99.0 106.0 67.0 42.0 24.0 14.0
Total kW installed 6.0 32.0 546.0 1179.0 1984.0 5 5601.0 6585.5
2 5 41 77 138 214 305 385 451
11 23455 5 5
3 48642 1 1
Feeder 3 EM Scenario
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0 0 0 0 0 0 0 0 0
Biomass CHP industrial 30 0 0 0 0 0 0 0 0 0
Diesel engines industrial 5 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0037% 0.0047% 0.0083% 0.0111% 0.0133% 0.0143% 0.0150% 0.0147% 0.0143%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015
Diesel engines rural 0.005
Micro wind rural 0.001 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 3.0 7.5 61.5 115.5 207.0 321.0 457.5 577.5 676.5
Diesel engines rural 0.005 5.0 5.0 10.0 15.0 20.0 25.0 25.0 25.0 25.0
Micro wind rural 0.001 0.0 3.0 4.0 8.0 6.0 4.0 2.0 1.0 1.0
Installation Projections - Commercial and Services
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Rural
 
Figure 57: Feeder 3 embedded generation installation data for the EM scenario. 
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C.4  Feeder 4 EG distribution model data 
Year 2010 2015 2020 20
1 3 81 12 03 04 55 57 3
11 2 3 4 4 4
25 2030 2035 2040 2045 2050
Total Installed kW 370.0 453.5 652.0 993.0 1442.5 1843.5 2322.0 2903.0 3555.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P c o m m .  &  s e r v i c e s 0 . 5000 000000
Gas micro turbine CHP comm. & services 0.03 0 0 0 0 0 0 0 0 0
Solar PV comm. & services 0.04 0 0 0 0 0 0 0 0 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0 0 0 0 0 0 0 0
B i o g a s  r e c .  e n g i n e s c o m m .  &  s e r v i c e s 0 . 5000 000000
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P c o m m .  &  s e r v i c e s 0 . 50 . 00 . 00 . 0 0 . 00 . 00 . 00 . 00 . 00 . 0
Gas micro turbine CHP comm. & services 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Solar PV comm. & services 0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0048% 0.0047% 0.0045% 0.0038% 0.0037% 0.0036% 0.0034% 0.0033% 0.0032%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 1.5 4.5 12.0 16.5 30.0 45.0 67.5 82.5 109.5
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.001 0.0 0.0 1.0 1.0 2.0 3.0 4.0 4.0 4.0
Total kW installed 1.5 4.5 13.0 17.5 32.0 48.0 71.5 86.5 113.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0027% 0.0026% 0.0025% 0.0022% 0.0021% 0.0020% 0.0019% 0.0019% 0.0018%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
G a s  c o m b i n e d  c y c l e  C H P i n d u s t r i a l 1 0000 000000
B i o m a s s  C H P i n d u s t r i a l 3 0000 000000
D i e s e l  e n g i n e s i n d u s t r i a l 5000 000000
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D i e s e l  e n g i n e s i n d u s t r i a l 50 . 00 . 00 . 0 0 . 00 . 00 . 00 . 00 . 00 . 0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.1812% 0.1758% 0.1677% 0.1444% 0.1389% 0.1341% 0.1291% 0.1239% 0.1187%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015
Diesel engines rural 0.005
Micro wind rural 0.001
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 127.5 228.0 366.0 694.5 1090.5 1492.5 1969.5 2542.5 3172.5
Diesel engines rural 0.005 240.0 220.0 265.0 245.0 255.0 215.0 170.0 140.0 120.0
Micro wind rural 0.001 1.0 1.0 8.0 36.0 65.0 88.0 111.0 134.0 149.0
Installation Projections - Rural
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Commercial and Services
85 152 244 463 727 995 1313 1695 2115
48 44 53 49 51 43 34 28 24
1 1 8 3 66 58 8 1 1 1 1 3 4 1 4 9
Feeder 4 BAU Scenario
 
Figure 58: Feeder 4 embedded generation installation data for the BAU scenario. 
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Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Total Installed kW 308.0 538.5 1654.5 1949.5 2600.0 3481.5 4450.5 5456.5 6248.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0 0 0 0 0 0 0 0 0
Gas micro turbine CHP comm. & services 0.03 0 0 0 0 0 0 0 0 0
Solar PV comm. & services 0.04 0 0 0 0 0 0 0 0 0
Diesel engines comm. & services 0.05 0 0 0 0 0 0 0 0 0
Micro wind comm. & services 0.02 0 0 0 0 0 0 0 0 0
Biogas rec. engines comm. & services 0.5 0 0 0 0 0 0 0 0 0
kW installed Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gas micro turbine CHP comm. & services 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Solar PV comm. & services 0.04 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines comm. & services 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind comm. & services 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biogas rec. engines comm. & services 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0048% 0.0047% 0.0045% 0.0038% 0.0037% 0.0036% 0.0034% 0.0033% 0.0032%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 1 4 50 69 96 138 183 231 267
279 8 5 3 1 1
Diesel engines residential 0.005 0 0 0 0 0 0 0 0 0
Micro wind residential 0.001 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV residential 0.0015 1.5 6.0 75.0 103.5 144.0 207.0 274.5 346.5 400.5
Diesel engines residential 0.005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Micro wind residential 0.001 0.0 2.0 7.0 9.0 8.0 5.0 3.0 1.0 1.0
Total kW installed 1.5 8.0 82.0 112.5 152.0 212.0 277.5 347.5 401.5
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0 0 0 0 0 0 0 0 0
Biomass CHP industrial 30 0 0 0 0 0 0 0 0 0
Diesel engines industrial 5 0 0 0 0 0 0 0 0 0
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Gas combined cycle CHP industrial 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Biomass CHP industrial 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diesel engines industrial 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total kW installed 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Year 2010 2015 2020 2025 2030 2035 2040 2045 2050
Share of total Australian load 0.1812% 0.1758% 0.1677% 0.1444% 0.1389% 0.1341% 0.1291% 0.1239% 0.1187%
Number of units MW size 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015
Diesel engines rural 0.005
Micro wind rural 0.001
kW installed 2010 2015 2020 2025 2030 2035 2040 2045 2050
Solar PV rural 0.0015 127.5 268.5 1234.5 1515.0 2163.0 3007.5 3927.0 4872.0 5614.5
Diesel engines rural 0.005 165.0 160.0 250.0 220.0 220.0 225.0 225.0 225.0 225.0
Micro wind rural 0.001 14.0 102.0 88.0 102.0 65.0 37.0 21.0 12.0 7.0
Installation Projections - Commercial and Services
Installation Projections - Residential
Installation Projections - Industrial
Installation Projections - Rural
85 179 823 1010 1442 2005 2618 3248 3743
33 32 50 44 44 45 45 45 45
14 102 88 102 65 37 21 12 7
Feeder 4 EM Scenario
 
Figure 59: Feeder 1 embedded generation installation data for the EM scenario. 
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Appendix D  Low Voltage Feeder Models 
In electrical engineering practice it is understood that different power quality issues can 
have varying degrees of impact at different voltage levels. As a result, it is necessary to 
model distribution networks at these voltage levels in order to ascertain the impact of the 
EGVP study parameters.  
Three different residential LV distribution feeders have been modelled in PowerFactory
TM 
in order to represent the diversity found in the construction of such feeders. Each LV 
feeder originates from a 500kVA 22kV/415V Dyn11 distribution transformer which is 
supplied via a length of 22kV OHL from a zone substation. Each transformer has a series 
impedance of 8% on the transformer rating. In order to maintain consistency across the 
DNIS study the zone substations are identically modelled with a 22kV fault level of 7kA 
and an X/R ratio of 4 which represents those applied in the Feeder 1-4 models. 
Each feeder is modelled as an unbalanced network supplying a variety of different loads 
that are represented as unbalanced three phase loads at each LV busbar – each phase 
represents a single phase load in the range of 2-5kW at an assumed power factor of 0.9 
lagging. LV conductor lengths are small in comparison to MV networks and range from 
10-100m with the longest point in each feeder being less than 500m from the MV/LV 
transformer. Line impedances are given the values specified in Table 14 and each model 
is described in turn in this Appendix. 
 
 
R1,2 X1,2 L1,2 Ro Xo Lo
(Ohm/km) (Ohm/km) (mH/km) (Ohm/km) (Ohm/km) (mH/km)
185mm2 Cu. 415V 4 Core Cable 0.06 0.04 0.13 0.24 0.16 0.51
240mm2 Cu. 415V 4 Core Cable 0.05 0.04 0.13 0.18 0.16 0.51
AAC 3 phase 22kV OHL - 19/3.75 0.20 0.20 0.64 0.20 0.20 0.64
AAC 3 phase 415V OHL - 19/3.25 0.20 0.20 0.64 0.20 0.20 0.64
AAC 3 phase 415V OHL - 7/3.0 0.20 0.10 0.32 0.20 0.10 0.32
AAC 3 phase 415V OHL - 7/4.75 0.30 0.30 0.95 0.30 0.30 0.95
ACSR/GZ 3 phase 22kV OHL - 6/4.75 7/1.60 0.40 0.30 0.95 0.40 0.30 0.95
ACSR/GZ 3 phase 415V OHL - 6/1/3.0 0.45 0.45 1.43 0.45 0.45 1.43
H.D.C. (Cu) 3 phase 415V OHL - 7/0.073 1.30 0.30 0.95 1.30 0.30 0.95
H.D.C. (Cu.) 3 phase 22kV OHL - 7/0.0.64 1.44 0.41 1.30 1.59 1.66 5.30
LV Feeder Conductor Characteristics
 
Table 14: LV feeder model conductor characteristics 
 
 
 
                  ENG450 Internship Project, Final Draft: Distribution Network Impact Studies – Butler, T.                                                      Page 103 of 106  
 
 
D.1  LV Feeder 1 
LV Feeder 1 is fed from a zone substation located 8km from the MV/LV transformer that 
supplies it. Its conductors are all OHL and selected in order to maintain the maximum 
thermal loading in the order of 50%. 
The feeder is included in the study in order to represent a small residential area and, 
accordingly, it supplies 27 single phase loads that are situated closely together resulting in 
a lightly loaded LV network that has allowed room for further development. 
 
 PowerFactory 13.2.339 
 LV Feeder 1
 9 unbalanced loads => 27 residential tenancies
 
 
 Project: 2175 EGVP 
 Graphic: LV Feeder 1
 Date:    10/29/2008 
 Annex:            
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Figure 60: LV Feeder 1 single line diagram. 
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D.2  LV Feeder 2 
LV Feeder 2 originates from a transformer located 2km from the zone substation. It 
consists of a total of 375m of OHL which branches into 5 small arteries that end 
approximately 120m from the transformer. Conductors are loaded substantially with a 
maximum loading of 80%. There are 18 unbalanced loads supplied by LV Feeder 2 which 
represents 54 single phase loads requiring a total of 223kVA. LV Feeder 2 is considered 
to represent a realistic, heavily populated, scenario in which the feeder is approaching its 
capacity. 
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 PowerFactory 13.2.339 
 LV Feeder 2
 18 unbalanced loads => 54 residential loads
 
 
 Project: 2175 EGVP 
 Graphic: LV Feeder 2
 Date:    10/29/2008 
 Annex:            
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Figure 61: LV Feeder 2 single line diagram. 
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D.3  LV Feeder 3 
LV Feeder 3 represents a relatively new urban feeder. As such it wholly consists of four 
core 240mm
2 and 185mm
2 cables installed underground supplying 36 single phase loads 
totalling 145kVA. Its transformer is connected to the 22kV network 4km from the zone 
substation and it consists of 715m of cable with the longest branch terminating 415m from 
the transformer. Maximum conductor loading is 60%. 
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Figure 62: LV Feeder 3 single line diagram. 